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As a result of extensive usage, improper disposal and accidental spill over the past 
several decades, halogenated organic solvents have become widespread environmental 
pollutants. Many persistent organohalide pollutants accumulate in anoxic soils and 
aquifers where they may undergo incomplete degradation by a variety of abiotic and 
biotic processes, and biologically via organohalide respiration by bacteria of the 
Dehalococcoides genus. The fastidious nature of Dehalococcoides and their reliance on 
poorly understood syntrophic communities often result in inefficient remediation of 
contaminated sites; particularly, the presence of even trace amounts of other unsaturated 
chlorinated aliphatic compounds is highly inhibitory to organohalide respiration mediated 
by Dehalococcoides. Although many organohalide compounds occur naturally, the 
sudden increase in diversity and quantity of such compounds in the environment has 
resulted in the rapid expansion of substrate plasticity within Dehalococcoides. Since 
common forward genetics techniques cannot be employed to investigate 
Dehalococcoides, discovery and characterization of new members of this genus provide a 
tool with which metabolic inhibition and syntrophic interactions involving these bacteria 
can be better understood. 
The main goal of this study is the characterization of a novel Dehalococcoides 
isolate, strain GEO12, with an innate, apparently unique, partial resistance to inhibition of 
TCE dechlorination by chloroform (CF). Genomic sequencing of strain GEO12 revealed 
the presence of fully functional tceA and vcrA reductive dehalogenase genes both of 
which were transcribed at high levels during TCE dechlorination. Transcription of both 
genes during dechlorination was incompletely repressed by the presence of 50µM CF. 
iii
 Directed laboratory evolution of strain GEO12 to increase resistance of TCE 
dechlorination towards inhibition by CF resulted in a subpopulation capable of 
maintaining complete, rapid dechlorination of TCE to ethene in the presence of 
environmentally relevant concentrations of CF. The tceA and vcrA genes in this 
subpopulation exhibit less transcriptional repression during TCE dechlorination, 
providing insight into the mechanism of CF inhibition on this process in Dehalococcoides. 
Other work presented in this study investigated potential syntrophic 
hydrogenogenesis by a novel Dehalococcoides isolate, strain IS, by acetate catabolism. 
Likely due to metabolite transfer as part of syntrophic bacterial relationships within the 
consortia, in-situ bioremediation employing undefined bacterial consortia containing 
Dehalococcoides rather than isolated strains is significantly more successful. Although 
further investigation did not confirm previous reports of syntrophic hydrogen production 
by strain IS, the experimental methodologies developed may be a useful tool for 
identifying such relationships in the future. 
In summary, this thesis describes characterization of a novel Dehalococcoides isolate, 
strain GEO12, and the investigation of a previously reported syntrophy with another 
novel Dehalococcoides isolate, strain IS. Identification of a unique phenotype in strain 
GEO12 provides potential insight into the biological mechanism responsible for an 
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 1 Introduction 
1.1 Environmental Contamination by Chlorinated Solvents 
Halogenated organic compounds are among the most widely distributed 
anthropogenic environmental contaminants. Of these contaminants, chlorinated organic 
compounds, including chlorinated ethenes (CEs), chlorinated ethanes (CAs) and 
polychlorinated biphenyls (PCBs) are environmental pollutants (Figure 1), many of 
which are persistent, bioaccumulative and toxic (16, 17). Chlorinated organic solvents 
such as perchloroethene (PCE), trichloroethene (TCE), dichlorethane (1,2-DCA) and 
trichloroethane (1,1,1-TCA) have been widely used commercially, militarily and 
industrially for diverse applications, such as in metal processing, in mechanical 
equipment degreasing, in paper, textile, pharmaceutical and electronics manufacture, as 
dry cleaning and paint solvents, as intermediates in chemical synthesis and as biocides 
and pesticides (18). 
Due to increased production and usage of halogenated organic compounds during 
the latter half of the 20
th
 century, several xenobiotic compounds have been widely 
applied or otherwise discharged to the environment both purposefully and accidentally. 
The environmental persistence and toxicity of many of these compounds has attracted 
public attention to the point that all 12 of the persistent organic pollutants initially 
described and restricted or banned, the so-called ‘dirty dozen’, by the original Stockholm 
Convention in 1997 are chlorinated organic compounds (19). As a result of this public 
awareness, research efforts to develop and refine methods for environmental remediation 
have intensified in recent decades. The scientific research reviewed herein details a 
chronology of advances in both understanding of the mechanisms by which cleanup of 
organohalide contamination occurs as well as methodologies that can be employed for 
1
 effective implementation of technologies pioneered in laboratories. 
The halogenated organic compounds that are the focus of this study can be roughly 
categorized as organochlorine pesticides, alkyl solvents, and aryl halides. These 
compounds are typically persistent in aerobic environments, but are even more so in 
anaerobic environments (20, 21). The observed differences in contaminant longevity in 
these two environments have led to the identification and characterization of organisms 
and microbial communities responsible for obligate anaerobic degradation of 
organohalides pollutants. This comparatively slow anaerobic degradation process has 
been found to be an important tool in environmental cleanup as well as a critical factor in 
global cycling of halogens (22).  
 
Figure 1 Chemical structures of common organohalide pollutants. 
2
 1.2 Environmental Deposition of Short Chain Organohalides 
Industrial manufacture and widespread usage of organohalide compounds has 
provided numerous benefits to society. However, several decades of uncontrolled release 
into the environment has resulted in both environmental damage and disruption of 
equilibrium in the global halogen cycle. Many xenobiotic organohalides are not only 
toxic, but are also highly recalcitrant to degradation and readily accumulate in lipids (23). 
Further, the physicochemical properties of many poly-substituted organohalides make 
them unsuitable for surface degradation, resulting in a tendency for their accumulation in 
anoxic systems such as sediments, sludges, well water and groundwater.  
Due to improper handling, storage, or disposal, large quantities of two common 
organohalides, PCE and TCE, have extensively contaminated soils and groundwater 
supplies at various industrial, residential, and military sites. Between 1945 and 1984 
more than 7 billion kg of PCE and about 6 billion kg of TCE were indiscriminately 
dumped in the continental United States alone. PCE, which can be delivered to the 
environment when it volatilizes or when it is discarded directly to the ground or water 
systems, was historically used primarily as a solvent in the dry cleaning industry. TCE, 
environmentally deposited directly to municipal waste facilities and, to a lesser extent, by 
volatilization, was used as a degreaser in commercial and industrial machine shops. Both 
PCE and TCE are sparingly soluble in water and tend to accumulate as dense, non-
aqueous phase liquids (DNAPLs). PCE and TCE have been found to leach extensively 
into groundwater systems when improperly dumped (18). One barrel (~160 liters) of TCE 
can potentially contaminate 37 billion liters of water at the maximum contaminant level 
(MCL) specified by the US EPA under the Safe Drinking Water Act, of 5µg L
-1
 (24). 
Another compound that enters the environment via improper discard, CF, is the most 
3
 frequently detected volatile organic compound in ground water sampled by the USGS 
National Water-Quality Assessment (NAWQA) Program (25). Although background CF 
levels tend to be less than 1 ppb (0.0083µM), heavily contaminated industrial sites, such 
as those listed on the national priorities list (NPL) registry, have been found to contain 
chloroform at levels as high as 18,900 to 21,800 ppb (158.13µM to 178.21µM), with 
median concentrations in aquifers ranging from 1.5 to 300 ppb (0.012 µM to 2.5 µM) 
(26).  
The European Environmental Agency estimates that TCE and/or PCE polluting 
activities occurred or are occurring at approximately 3 million sites within Europe. Of 
these, more than 8% (approximately 250,000 locations) can be classified as “highly 
contaminated” and are in need of remediation (27). In the United States, there are more 
than 22,000 sites contaminated by PCE and TCE. Of these, more than 3,300 are included 
on the US EPA Superfund list of the most contaminated and dangerous sites (28). In 
addition to this existing pollution, incomplete degradation of PCE and TCE at partially 
remediated sites has been observed. Intermediate products produced from incomplete 
degradation often persist in the environment and, in some cases, are more dangerous than 
the original contaminant. The potential for partial degradation has several implications, 
not least of which is the necessity of monitoring both the environmental fate of a 
discharged chemical and the products formed as a result of degradation. In assessing the 
effects of chemical degradation, it is necessary to account for possible increases as well 
as decreases in toxicity and mobility that result from partial degradation (22). 
In point of fact, the scale of the problem of PCE and TCE contamination has not 
been properly characterized. Current estimates of contamination tend to disregard US 
4
 military sites not located in the United States and there is only limited data available from 
developing nations (29, 30). A recent report (31) indicates that approximately 25,500 tons 
per year of TCE are still sold in Europe, despite the classification of TCE as a category 2 
carcinogen in 2007. In the past 30 years, only about 8,000 sites have been cleaned up 
(31). Thus, with the current level of remediation activity, the problem of TCE pollution 
seems to be growing faster than it can be addressed.  
1.3 Toxicity and Regulation of Chlorinated Solvents 
The principal threat to human health posed by organohalide pollution is the 
ingestion of toxic substances through drinking water. Water may become contaminated 
when leachate from dumps enters aquifers as a result of improperly disposed waste and 
from old waste dumps (18).  
The U. S. National Toxicology 11
th
 report on carcinogens (Feb 2009) lists six 
halogenated solvents, perchloromethane (PCM), chloroform (CF), dichloromethane 
(DCM), 1,2-DCA, PCE and TCE, as suspected carcinogens that are reasonably 
anticipated to be human carcinogens, and vinyl chloride (VC) as a proven carcinogen 
(32). Table 1 details the toxicity associated with PCE and lesser-chlorinated ethenes, 
which are the primary focus of this study. Exposure to gaseous or DNAPL TCE has been 
shown to cause dizziness, headache, sleepiness, nausea, confusion, blurred vision, facial 
numbness, and weakness as well as several cancers in humans, especially kidney, liver, 
cervical, and lymphatic cancers (33). 
As with many volatile organic contaminants, governmental agencies have 
established emissions and environmental standards for short-chained chlorinated alkanes 
and alkenes as well as their derivative intermediates. The US EPA lists the MCL for 
5
 drinking water as 5μg L-1, 5μg L-1, 70μg L-1, 100μg L-1, 7μg L-1, 2μg L-1, and 5μg L-1
 
for 
PCE, TCE, cis-DCE, trans-DCE, 1,1-DCE, VC, and 1,2-DCA, respectively (34).  
Table 1 Toxicological properties of chlorinated ethenes. 
 
Condition 











36.0 217.1 165.83 (35) 
TCE 





1,1-DCE LC50 (rats) 25.2 259.7 
96.95 
(37) 














1.4 Bioremediation of Chlorinated Solvents 
Bioremediation is use of biological processes in the cleanup of contaminated land, 
surface water, and/or groundwater. Extant bioremediation technologies can be broadly 
divided into ex-situ and in-situ technologies. Ex-situ technologies, so-called “pump-and-
dump” strategies, involve the physical removal and deposition of the contaminated soil or 
water to windrows or piles at a different location. The contaminated soil or water is 
treated off-site and may or may not be returned to the original site after decontamination. 
Ex-situ treatment is the predominant strategy employed by the US EPA in attempted 
remediation of contaminated areas; approximately 72% of Superfund Records of 
Decision select groundwater pumping and removal as the final remedy to achieve aquifer 
restoration (18, 40). In-situ technologies tend to be much less obtrusive and involve 
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 significantly fewer earthworks, but also tend to require a longer timeframe for treatment. 
In-situ remediation is also more difficult for practitioners to control as compared to ex-
situ technologies (31). 
In actual practice, traditional ex-situ and in-situ approaches have been shown to be 
ineffective for the long-term remediation of contaminated sites. For example, Travis and 
Doty detail the experience at a hazardous waste site at a former IBM manufacturing site 
in Dayton, New Jersey. The groundwater at this site was contaminated with 
approximately 1500 liters of organochlorine compounds that had been used in electronics 
manufacture. Upon initiation of cleanup efforts, PCE concentration on site was measured 
at approximately 6100 ppb. PCE concentrations were measured at 100 ppb after 6 years 
of ex-situ treatment by pumping, less than 2% of the initial concentration. However, 
within 4 years of pumping cessation, the concentration of PCE had risen to over 12,000 
ppb (41).  
Clearly the treatment employed at the Dayton site was effective in the short-term, 
but actually made the site more dangerous in the long term. The ineffective remediation 
of the Dayton IBM site highlights the necessity for development of new bioremediation 
strategies for highly substituted organochlorines. This need arises from the fact that 
organic molecules with fewer halogen substituents are more easily mineralized under 
aerobic conditions than structurally highly chlorinated compounds. With long-term 
remediation in mind, the search for better treatment options has focused on stable, long-
term degradation of organohalide contaminants (42).  
The only documented microbial process that transforms highly halogenated ethenes 
is reductive dehalogenation, which must proceed under anaerobic conditions (43, 44). In 
7
 anaerobic environments, the reduction of organohalides is energetically favorable and 
results in a less halogenated product. This unique metabolic process is interesting from 
the perspective of microbiologists and biochemists, and has obvious potential as a tool to 
support bioremediation efforts (45).  
1.5 Problem Statement 
As microbial degradation of chlorinated organic contaminants becomes more 
widely adopted as a viable remediation technology, obstacles to full-scale 
implementation will invariably arise. One such obstacle is the inhibition of metabolic 
transformation of organohalide compounds by both intermediate metabolites and non-
metabolite organohalides. For example, while Dehalococcoides species are known to be 
able to dechlorinate PCE to the non-toxic end-product ethene, the presence of even trace 
amounts of TCA or CF inhibits the metabolism of PCE almost completely. Additionally, 
the stepwise reduction of a polychlorinated parent compound, such as TCE or PCE, 
produces less chlorinated compounds that act as inhibitors of both upstream and 
downstream dechlorination processes.  
Another difficulty associated with full-scale implementation of microbial 
bioremediation strategies comes from the fastidious nature of the bacteria employed. In 
addition to being strictly anaerobic, many of these bacteria require that specific vitamin 
supplements and metabolic precursors be present in the extracellular environment in 
order to grow. While site augmentation methods exist to encourage growth of 
dehalogenating organisms, soil amendment can often be costly and frequently results in 
growth of non-dehalogenating endogenous bacteria that outcompete the targeted 
dehalogenating populations. 
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 1.6 Thesis Objectives 
The primary goal of this research is the metabolic and genomic characterization of 
a novel Dehalococcoides mccartyi isolate that displays resistance to reductive 
dechlorination inhibition by CF. Through comparison of the inhibitory effects of CF on 
dechlorination by this novel strain and other previously described Dehalococcoides 
strains, as well as genome sequencing and transcriptional analysis of functional reductive 
dehalogenase genes in this novel strain, a potential mechanism for the inhibitory effect of 
CF is proposed. Secondary objectives of this research include the directed laboratory 
evolution of the novel Dehalococcoides isolate to enhance its naturally occurring 
resistance to inhibition of dechlorination by CF. Finally, an assessment of a previously 
described syntrophic interaction between a unique and a previously described 
Dehalococcoides isolate under hydrogen limiting conditions is described.  
1.7 Thesis Organization 
This thesis is divided into the following sections: 
Chapter 1: Introduction; a general discussion on the topic of study. 
Chapter 2: Literature Review; a brief summary of relevant literature. 
Chapter 3: Materials and Methods; description of the laboratory methodologies employed 
during research conducted for this thesis.  
Chapter 4: Characterization of a Novel Dehalococcoides mccartyi isolate, GEO12, with a 
Naturally Occurring Resistance to Chloroform Inhibition of Organohalide Respiration.  
Chapter 5: Syntrophic Relationships of Hydrogenotrophic Dehalococcoides. 
Chapter 6: Conclusions and Recommendations; summary of major conclusions of this 
study and discussion of recommendations for future research endeavors.  
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 2 Literature Review 
The aim of this chapter is to provide a comprehensive summary of bioremediation 
via dehalogenation mediated by Dehalococcoides. The material presented focuses 
on microbial degradation of chlorinate alkenes and provides a general discussion of 
microbial degredation of other halogenated organic compounds (e.g. halogenated 
aliphatics and halogenated aryls). Current literature relating to the molecular and 
genetic mechanisms of microbial dehalogenation as well as literature discussing 
syntrophic interactions in dehalogenating communities are also be reviewed.  
2.1 Transformation of Halogenated Organic Compounds 
Halogenated organics are widespread surface and subsurface contaminants that 
have both anthropogenic and natural sources. Well over 3500 organohalide compounds 
are found in pristine environments, indicating natural sources for these compounds. 
However, since the early 20
th
 century, industrial and commercial usage of organohalides 
has drastically increased both the number and environmental distribution of halogenated 
organics such as PCBs, PBDEs, DDTs, PCDDs CAs and CEs. Halogenated compounds 
have a range of uses in applications as diverse as biocides and flame-retardants to 
degreasing agents and other cleaning products (18).  
Of particular interest are the highly chlorinated ethenes – PCE and TCE – which 
have historically been heavily used in military and industrial roles as degreasing agents in 
metal cleaning and vapor degreasing as well as commercially as dry-cleaning agents, in 
paint, paper and textile manufacture and in electronics processing (46). PCE and TCE are 
dense, sparingly soluble compounds, and are both moderately sorbing, low KO/W 
compounds with relatively high KH values. As a result of these physical characteristics, 
PCE and TCE, as well as less chlorinated derivatives with similar physical properties, 
10
 tend to accumulate and persist as DNAPLs in subsurface water catchments, sediments, 
harbor sludges, and soils (Table 2). Additionally, PCE and TCE have a tendency to 
leach and spread throughout the subsurface following initial contamination (47). PCE and 
TCE also tend to be resistant to complete degradation in aerobic environments, often 
being partially reduced to less chlorinated intermediate compounds with similar physical 
attributes (48, 49). 
Table 2 Physical constants of common organochlorine pollutants. Solubility, vapor 



















CF 119.38 1.48 7430 21.3 3.67×10
-3
 
TCA 133.40 1.32 1330 16.9 1.72×10
-2
 
1,2-DCA 98.96 1.25 8520 10.5 9.79×10
-4
 
PCE 165.83 1.62 200 1.9 1.84×10
-2
 
TCE 131.39 1.46 1100 7.7 1.03×10
-2
 





Although most chlorinated compounds were initially considered to be completely 
xenobiotic, it was later shown that many living organisms produce a variety of 
chlorinated organics. For example, marine sponges and many terrestrial microorganisms 
produce chlorinated organics as part of their natural defense mechanisms (45, 52). 
Chlorinated organics also have geogenic origins, being released or produced as a result of 
volcanic eruptions or forest fires (53). However, due to frequent use and to a high 
incidence of improper storage and disposal of PCE and TCE over the course of several 
decades, these two compounds are among the most frequently found contaminants at 
polluted sites (24). Further, as a result of extensive use as industrial degreasing and 
cleaning agents, PCE and TCE are considered to be threats to indoor air quality (54).  
Despite occasionally conflicting toxicological information and expert opinion, there 
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 is general consensus that CEs are hazardous pollutants (Table 1). Both PCE and TCE 
have been implicated as either probable or known cancer causing agents (55), but more 
concerning from a health perspective are the less chlorinated dichloroethenes (DCEs) and 
VC that are often formed in environmental systems through partial dechlorination of PCE 
and TCE. VC, which can be formed as a transformation product of both abiotic and biotic 
dechlorination processes in subsurface systems, is a highly toxic, cancer-causing 
compound that is strictly regulated by environmental protection agencies around the 
world (34).  
2.2 Remediation Technologies 
2.2.1 Chemical/Physical Transformation of Organohalides 
Due to their potential for acute and chronic toxicity, as well as to their tendency to 
persist and migrate through the subsurface, chlorinated organics are of major concern and 
are considered to be a threat to both human and environmental health (56-58). 
Physicochemical processes, such as thermal cleaning and chemical oxidation, or physical 
methods, such as traditional pump and treat approaches, can be implemented to achieve 
partial and complete remediation of soils and groundwater contaminated with PCE and 
TCE.  
Thermal cleaning is an in-situ method for decontaminating light non-aqueous phase 
liquids (LNAPLs) and DNAPLs via removal of the contaminant layer. This technology 
delivers heat energy directly to the subsurface environment to vaporize the NAPL 
contaminant, thereby mobilizing it. In implementing this strategy, a network of wells is 
dug in the vadose zone adjacent to a contaminant plume to allow for removal of the 
mobilized contaminant vapors (59). In-situ chemical oxidation systems are intended to 
directly destroy contaminants in groundwater by injecting oxidants into the contaminant 
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 source and down the gradient of the contaminant plume with the goal of oxidizing the 
contaminant into benign products (60). Historically, so-called pump and treat systems are 
the most common remediation technology employed for containment and remediation of 
chlorinated soils and groundwater. The principle of pump and treat involves the 
collection of contaminated water or soils for ex-situ treatment and replacement – where 
possible – of the decontaminated water or soils to the same or nearby location (61). In the 
USA, 72% of Superfund sites choose pump and treat as the prime groundwater 
remediation approach (40, 62). Compared to physicochemical treatment approaches, 
pump and treat strategies tend to be easier to implement in a wider range of treatment 
scenarios. However, this type of remediation approach carries incredibly high costs, both 
economically and environmentally.  
These types of traditional physicochemical and physical treatment approaches all 
involve high levels of ecological disturbance, making them unsustainable as long-term 
solutions (63). As such, bioremediation of contaminated sites remains a far more 
preferable treatment option (20). 
2.2.2 Biological Transformation of Halogenated Organics 
The natural genesis of organohalide compounds would imply that different 
biological systems may have evolved mechanisms for breakdown or removal of these 
compounds, thereby preventing organohalide accumulation in nature (48). Subsequent 
investigations revealed a broad range of terrestrial and aquatic organisms and biological 
communities that are capable of assimilating, degrading, metabolizing or otherwise 
detoxifying chlorinated compounds. Implementing a bioremediation strategy requires 
thorough characterization of endogenous biological communities. When an endogenous 
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 community is capable of detoxifying target contaminants at a given site, bioremediation 
efforts tend to focus on application of auxiliary growth substrates; a process termed 
biostimulation. However, when the existing biological community lacks the necessary 
populations for complete degradation of target contaminants, bioremediation efforts must 
involve introduction of necessary organisms; a process termed bioaugmentation (64).  
Biostimulation has long been practiced at contaminated sites, and the efficacy of 
this technique is well established. An excellent, canonical example of bacterial 
biostimulation is the Bachman Road site in Oscoda, Michigan. This well-known site, 
heavily contaminated with PCE, has been treated by pilot- and field-scale efforts 
involving enhancement of biologically mediated transformation of PCE to ethene by 
addition of surfactants and lactate (65, 66). 
Although less well established in practice, bioaugmentation is a promising 
approach that can be applied when the necessary populations for detoxification are either 
absent or are not present in relative abundance high enough to facilitate contaminant 
removal at acceptable rates. However, this approach adds significant complexity to a 
remediation effort (21). The increasing availability of molecular site assessment and 
monitoring tools, such as stable carbon isotope fractionation for proof and quantification 
of anaerobic reductive dechlorination or molecular methods for detection of organohalide 
respiring bacteria (OHRB) (64), is making it easier for technicians to quickly assess the 
bioremediation potential at contaminated sites. As these technologies continue to 
develop, implementation of effective bioaugmentation strategies will become more 
feasible.  
Emerging trends in site remediation involve the synthesis of available approaches. 
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 For example, combining biostimulation and bioaugmentation in a process commonly 
termed enhanced reductive dechlorination (ERD). Essentially, ERD involves dosage of 
an electron donor and/or dechlorinating bacteria by direct injection into the subsurface 
(67). Other approaches may attempt to take advantage of the inverse relationship between 
aerobic and anaerobic removal of halogen atoms by devising sequential anaerobic-
aerobic remediation systems (64). 
Since contaminated sites differ dramatically in physical characteristics (e.g. soil 
composition, aquifer depth, etc.) and in the quantity and type of contaminant present, 
site-specific approaches to remediation are generally required. Similarly, remediation 
strategies have different implementation challenges and benefits. Clear monitoring 
criteria based upon defined remediation goals must be established and adhered to in order 
to assess the efficacy of a chosen remediation approach at a given site. Generally, 
monitoring criteria include:  
 Qualitative estimation of the treatment progress of the contaminant source (i.e. 
decrease in contaminant concentration in groundwater or soils) 
 Quantitative estimation of reduction of mass at a contaminant source (i.e. mass 
destruction and mass remaining) 
 Quantitative estimation of contaminant mobility and flux changes in groundwater 
and soil 
By selecting appropriate monitoring criteria and practicing ongoing assessment, 
meaningful performance evaluations of chosen remediation strategies can be made (68). 
2.3 Biological Systems for Organohalide Remediation  
Although much about the process remains poorly understood, biological treatment 
of chlorinated contaminant plumes provides an excellent example of how rapidly 
innovative solutions in environmental biotechnology can emerge from scientific 
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 discovery and fundamental research. Several biological systems capable of 
dehalogenating or otherwise detoxifying organochlorine pollutants have been discovered, 
described and tested for in-situ implementation. 
Phytoremediation, a bioremediation strategy that employs plants in sequestration 
and degradation of chlorinated contaminants, has shown promise in lab and pilot scale 
demonstrations (69). For example, Newman et al. demonstrated that poplar trees are 
capable TCE uptake from contaminated soils and transforming the TCE into TCA, 
trichloro- and dichloroacetic acid (70). Although other studies have implicated poplar 
trees in the stimulation of in-situ PCE degradation, no direct evidence of the cause of this 
stimulation has yet been found (71). Other plants have been shown to sequester 
chlorinated organics from soils (72), leading to current efforts that are focused on 
creating transgenic plants capable of rapid sequestration and degradation of both PCE and 
TCE (71, 73, 74).  
The fungi are robust organisms that comprise a major portion of the decomposing 
community in many ecosystems. Many fungi are tolerant to high levels of pollution by 
various contaminants, often producing lignocellulolytic enzymes that can detoxify a 
range of environmental pollutants (75).  
Bacterial remediation of organic pollutants has been extensively utilized for several 
decades. A menagerie of different bacteria capable of detoxifying all types of organic 
pollutants have been characterized and genetically modified in this time (76). Complete 
and intermediate detoxification of organohalide pollutants by individual bacteria or by 
bacterial communities can be either a metabolically energetic process or simply the result 
of fortuitous co-metabolic processes. In energetic processes, halogenated compounds can 
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 be used as a carbon source in aerobic metabolism or as a terminal electron acceptor in 
anaerobic systems. Although dechlorination of some chlorinated compounds can occur in 
aerobic environments, the majority of polychlorinated contaminants are recalcitrant to 
aerobic degradation. In aerobic environments, the electronegative nature of the halogen 
substituents prevents otherwise thermodynamically favorable oxidation of carbon atoms 
(77). Hence, there is no evidence so far of growth-linked aerobic oxidative dechlorination 
of either PCE or TCE. 
However, in anaerobic systems PCE can be reductively dechlorinated in a stepwise 
fashion to less chlorinated compounds (Figure 2). This stepwise reduction in chlorine 
substitution from polychlorinated contaminants can result in complete or partial removal 
of chlorine atoms from the parent compound. Members of diverse bacterial phyla have 
been found to use PCBs, CPs and PCE/TCE as metabolic electron acceptors, coupling 
this so-called reductive dechlorination to energy production and cell growth (21). Since 
these bacteria make use of these chlorinated contaminants in metabolic growth, they are 




Figure 2 Stepwise dechlorination of PCE to ethene. 
2.4 Problems and Challenge Facing Bioremediation 
Several studies have shown that traditional physicochemical and physical strategies 
for contaminant removal at polluted sites are often either, and occasionally both, 
economically or environmentally untenable. Further, feasibility studies and monitoring 
programs instituted at sites where traditional in-situ technologies and, particularly, ex-situ 
strategies have been implemented may significantly underestimate the ecological cost of 
these intensive treatment operations (63). There are also several potential drawbacks to 
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 the implementation of less invasive bioremediation approaches at contaminated sites. 
Critical factors that must be considered for the establishment of successful 
bioremediation strategies include the necessity for accurate site characterization, the 
potential for accumulation of toxic intermediate byproducts and the difficulty of 
establishing biological populations at contaminated sites. 
Initial selection of a bioremediation strategy at a contaminated site must be 
preceded by in-depth site characterization. This involves collection of physical, chemical 
and microbiological information from soils and groundwater to determine if 
bioremediation is viable at the site. In many cases, obtaining necessary samples can be 
time consuming and may require that technicians be placed in hazardous situations. For 
example, an aquifer with strictly anaerobic conditions might be well suited to 
bioremediation by reductive dechlorination, but determination of the reductive potential 
of the aquifer may be a challenge (64). Additionally, the necessary, comprehensive 
chemical analysis of groundwater and soils can be costly and time consuming. 
Information gathered from soil and water samples relating to the presence or absence of 
microorganisms capable of catalyzing the desired chemical transformations is also 
relevant to strategy selection. Since many of these transformations occur very slowly, this 
aspect of site characterization can be both incredibly time consuming and error-prone 
(21). Recently, characterization of endogenous biological communities using detection 
methods based on process-specific biomarkers has been suggested. Biomarkers, such as 
genes and corresponding gene products that are specific to relevant biological functions, 
can serve as useful tools to expedite site assessment. Additionally, other molecular tools, 
such as microarray analysis, have been shown to be useful tools for monitoring microbial 
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 activities and characterization of microbial communities (78, 79). Unfortunately, even as 
new tools are developed evidence of incongruence between the phylogeny of the 
organisms that can be identified by these new methods and the phenotype displayed by 
specific populations exacerbates the problem of meaningful site characterization (21). 
Incomplete dechlorination of polychlorinated ethenes and ethanes (PCE, TCE, 
TCA, etc.) at contaminated sites poses a significant challenge to successful 
implementation of bioremediation strategies. Due to the recalcitrance of these compounds 
to aerobic degradation and the metabolic sensitivity of the bacterial populations 
responsible for complete detoxification of contaminants, changes in environmental 
conditions during the remediation process or in specific regions of a contaminant plume 
create a major risk of production and accumulation of DCEs and VC (Figure 3) (80-82). 
As these intermediate dechlorination products are often more toxic than the original 
parent compound, preventing this accumulation by constant monitoring using biomarkers 
(83) as well as by manipulating environmental conditions throughout the contaminant 
plume is necessary. However, these practices introduce layers of complexity, risk and 
cost to site remediation. 
Due to the fastidious nature of OHRB, establishing an effective dechlorinating 
bacterial population in-situ can be difficult. Factors that influence the establishment and 
performance of bioaugmentative populations include exposure to oxygen, temperature 
and pH, competition from endogenous populations for electron donors and the presence 
of other chlorinated solvents at the site.  
As previously mentioned, the bacteria responsible for complete removal of chlorine 
atoms from PCE and TCE are strict anaerobes. Oxygen toxicity significantly impacts 
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 viability of these cultures (43), necessitating the maintenance of strictly anaerobic 
conditions throughout shipping and addition of cultures used in site augmentation. 
Similarly, complete dechlorination via anaerobic dechlorination is only possible between 
10 and 30°C, with the optimum temperature for dechlorination varying depending on the 
composition of the bacterial community active at the site and the type of electron donor 
added (13). As with most microbial processes, dechlorination activity is sensitive to pH 
and tends to occur most readily at approximately neutral pH (84). Studies agree that 
dechlorination by Dehalococcoides does not proceed at pH lower than 5 or higher than 
10, with some evidence indicating that different steps in the sequential removal of 
chlorine atoms from polychlorinated compounds are inhibited differently (85).  
Sustained dehalogenation by OHRB at contaminated sites requires a sufficient 
supply of electron donation to drive the process. Several studies have demonstrated the 
efficiency with which many OHRB can scavenge hydrogen as an electron donor (86, 87). 
However, in environments rich in non-chlorinated electron acceptors, such as nitrates or 
sulfates, bacteria utilizing these alternate electron acceptors may outcompete slower 
growing OHRB (Figure 3). Particularly, the presence of high sulfate concentrations at 
contaminated sites has been shown to adversely impact effect remediation by 
bioaugmentation (88). Similarly, the presence of non-substrate halogenated organic 
compounds at contaminated sites may be inhibitory to various dechlorination processes. 
The presence of extremely high levels of chlorinated ethenes has been shown to have 
little effect on OHRB, yet several saturated volatile organic carbons (VOCs), including 
CF and 1,1,1-TCA, significantly reduce dechlorination activity, even at very low 
concentrations (10, 89). Since CF is the most frequently detected chlorinated compound 
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 in drinking water and soils in the United States and has various anthropogenic and natural 
sources (90), this inhibition is a frequent cause of ineffective bioaugmentation.  
Ultimately, subsurface bioremediation of halogenated organic contaminants 
remains a comparatively young technology. Direct causal relationships that 
unequivocally link enhanced anaerobic bioremediation and contaminant removal remain 
necessary in order for such methods to gain widespread adoption. To this end, advanced 
molecular tools to detect and monitor functional organisms at contaminated sites, 
development of defined mixed cultures that are less susceptible to environmental 
stressors and a better understanding of the complex metabolic interplay in mixed 
organohalide respiring communities are required to bolster confidence that enhanced 




Figure 3 Schematic of pollutant distribution as it relates to site characteristics following a 
PCE spill. A) Product distribution in the presence of excess electron donor availability 
and incomplete reductive dechlorination. B) Product distribution in the presence of 
moderate electron donor availability and sequential anaerobic/aerobic biodegradation. 
Figure adapted from (64). 
2.5 Bacterial Transformation of Organohalides 
2.5.1 Diversity of Organohalide Transforming Bacteria 
Since the 1980’s, undefined biological cultures capable of reductive dechlorination 
have been acquired from areas polluted with alkyl and aryl halides (91, 92). Though the 
biological process responsible for dehalogenation by these cultures remained 
uncharacterized, subsequent development of enrichment cultures by cultivation of the 
undefined culture with a target organohalide compound resulted in developed of highly 




 cultures allowed for better characterization of the biological activity responsible for the 
removal of halogens from organohalide compounds. Ultimately, the successful isolation 
of the first anaerobic, OHRB capable of aryl dehalogenation, the δ-proteobacterium 
Desulfomonile tiedje, provided a gateway to the study of biological reductive 
dehalogenation (22). Subsequent discovery of an obligate OHRB, Dehalococcoides 
ethenogenes strain 195 (now Dehalococcoides mccartyi 195), capable of stepwise 
reductive dechlorination of PCE and TCE to ethene (43) and the later discovery of 
diverse sub-types in this genus (94-100) has led to a wealth of information about this 
unique metabolic process (Table 3). 
To date, the prevailing wisdom remains that dechlorination of PCE and TCE 
beyond DCE isomers to ethene requires the presence of specific members of the 
Dehalococcoides genus. Members of this genus are typically hydrogenotrophic OHRB 
(21). More recently, genetic and genomic analyses have revealed the presence of multiple 
reductive dehalogenase homologous genes in the genomes of diverse Dehalococcoides 
strains, suggesting that the range of chlorinated organic substrates potentially supporting 
growth is significantly larger than has been described (101, 102). 
Additional OHRB have been identified from incredibly diverse, yet distinct, phyla including 
the Proteobacteria, Firmicutes and Chloroflexi (43, 103-105). 
Figure 4 shows the 16S rRNA phylogenetic relationship of all currently known 
dehalogenating organisms. Isolates belonging to the Anaeromyxobacter, 
Desulfitobacterium, Sulfurospirillum, Desulfomonile, Desulfuromonas, Desulfovibrio, 
and Geobacter are metabolically versatile with respect to spectrum of electron donors and 
acceptors, while the Dehalococcoides and Dehalobacter species are highly dependent 
24
  
upon reductive dehalogenation for growth (102). 
There appears to be no relationship between phylogeny and the specific organohalide 
compounds that a bacterium can transform. Evidence of this can be seen in the fact that 
the ability to dehalogenate alkyl and aryl halides is found in different isolates from all 

















































MB PCE and TCE trans-DCE 
cis-DCE (minor product) 
mbrA (95) 











































1,3-DCB, 1,4-DCB, and 
1,3,5-TCB 
trans-DCE 







































GT TCE, cis-DCE, 1,1-
DCE, VC 









11a TCE and VC Ethene vcrA (99) 













SG1 PCBs various PCBs [unknown] (119) 
JNA PCBs (Araclor1260) meta-chlorine removal [unknown] (120) 




[unknown] personal communication, Dr. Ding 
Chang, NUS 












Figure 4 Maximum Likelihood phylogenetic analysis of 16S rRNA gene sequences from 
all known organisms containing at least one reductive dehalogenase homologous gene 
(rdh) or known to reductively dehalogenate organohalides. For organisms with multiple 
16S rRNA genes, a representative gene sequence was chosen for figure clarity. 16S 
rRNA gene sequences were mined from the IMG-M (121) and NCBI GenBank databases 
and aligned and curated using the ClustalW alignment algorithm (122). Gap openings and 
extensions in pairwise and multiple alignments were penalized at 15 and 6.66 
respectively. Five phylogenetic trees were calculated using the Maximum Likelihood 
method based on the General Time Reversible model (123) and the tree with the highest 
likelihood chosen. Initial tree(s) for the heuristic search were obtained by applying the 
Neighbor-Joining method using the Maximum Composite Likelihood approach. A 
discrete Gamma distribution was used to model evolutionary rate differences among sites 
(5 categories (+G, parameter = 0.5466)). The rate variation model allowed for some sites 
to be evolutionarily invariable ([+I]. The analysis involved 92 nucleotide sequences. All 
positions with less than 95% site coverage were eliminated. There were a total of 1214 
positions in the final dataset. Evolutionary analyses were conducted in MEGA6 (124). 
2.5.2 Energetics of Bacterial Organohalide Transformation 
Broadly, bacterial dehalogenation can occur as an oxidative, fermentative, 
phototrophic or reductive process. Assessment of the thermodynamics that describe 
potential dehalogenation pathways can be a useful tool in predicting the different 
chemical transformations that may occur in different environmental conditions. Physical 
properties both of the environment and of the contaminant being remediated dictate the 
type of biological process that will prevail. For example, depending upon the degree of 
chlorination of the ethene molecule and the prevailing site conditions, biodegradation can 
occur via reductive dechlorination or oxidative degradation, or both processes 
simultaneously. (Figure 5). Reductive dechlorination, which occurs only in anaerobic 
conditions, exhibits a decreasing tendency for chloroethenes to undergo reductive 
dechlorination as the number of chlorine substituents decreases. Conversely, 
chloroethenes more easily undergo oxidative degradation when there are fewer chlorine 




Figure 5 Effect of degree of chlorination on anaerobic and aerobic dechlorination 
processes. Darker lines indicate greater energetic potential for a given dechlorination 
event. Figure adapted from (64). 
Oxidative dehalogenation is known to occur in a number of different organisms 
ranging from fungi (125) to bacteria. For example, Proteobacteria isolates of the genera 
Thauera, Pseudomonas, and Ochrobacterium are capable of utilizing the widespread 
chlorinated aromatic compound 3-chlorobenzoate as a sole source of carbon and energy 
under denitrifying conditions (126). 
Fermentative dehalogenation, producing non-halogenated short-chain carbon 
compounds such as acetate and formate as end products, has been identified in several 
cases. For example, the homoacetogenic bacteria Dehalobacterium formicoaceticum and 
Acetobacterium dehalogenans both metabolically ferment the chloromethanes DCM and 


















Some phototrophic bacteria are also capable of dehalogenating organohalides, 
however, it has been suggested that this occurs via 3-chlorobenzoyl-CoA, rather than 
through free organohalides. For example, the photoprophic bacteria in the genera 
Rhodospirillum and Rhodopseudomonas grow phototrophically under anaerobic 
conditions using halocarboxylic acids or 3-chlorobenzoate as sources of carbon (129-
132). 
Reductive dechlorination is an anaerobic respiration process that uses halogenated 
organics as electron acceptors and requires an external electron donor, typically 
hydrogen. In most cases the hydrogen atom replaces the chlorine atoms one after another, 
resulting in a stepwise decrease in halogenated substitutions (64).  
Gibbs free energy estimation based on redox potentials for a range of halogenated 
aromatic and aliphatic compounds makes it clear that halogenated compounds should be 
excellent electron acceptors, yielding between −130 and −180 kJ mole-1 of chlorine 
removed by hydrogenolytic reductive dechlorination (133, 134). Corresponding redox 
potentials (𝐸0
′ ) range between -260 and -480 mV. This is a considerably higher redox 
potential than the reduction of sulfate (SO4
2−/H2S; 𝐸0
′ = −217mV ) and comparable to the 




′ = −433mV) (135). 
2.6 Organohalide Respiring Bacteria 
2.6.1 Obligate and Facultative Organohalide Respiring Bacteria   
Microorganisms that produce energy through dehalogenation of organohalide 
compounds have been termed OHRB. As noted above, the environmental relevance of 
this group of bacteria has increased significantly in recent decades due to large-scale 
introduction of halogenated organic compounds into the environment. Particularly, these 
bacteria degrade many hazardous compounds that are significant contaminants in 
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groundwater (136). In addition to this important role in the bioremediation of 
anthropogenic contamination, the activities of OHRB are a critical part of the global 
halogen cycle (102). OHRB exhibit a general specialization in reductive dehalogenation, 
yet every genus and strain preferentially favors certain compound(s) for metabolism. For 
example, their unusual dependence on and ability to completely dechlorinate chlorinated 
organic compounds for growth has made Dehalococcoides an interesting subject for 
research. Despite developments in our understanding of the biology of these bacteria, 
knowledge about the presence and metabolic capabilities of members of this genus in the 
environment is limited (20, 137). 
OHRB are often grouped as either obligate or non-obligate (facultative) OHRB 
(138). Certain physiological differences are evident between these two groups. For 
example, the majority of the facultative OHRB belonging to the Proteobacteria and 
Firmicutes, such as Geobacter, Desulfuromonas, Anaeromyxobacter and 
Sulfurospirillum, feature versatile metabolisms encoded on comparatively large genomes 
(139). Contrarily, the obligate organohalide respiring Chloroflexi are niche specialists 
featuring highly restricted metabolisms and have genomes that are among the smallest of 
all bacteria (Table 4). However, it would be injudicious to suppose that phylogeny is 
indicative of phenotype in OHRB. The Firmicutes provide an excellent example of this, 
as this group contains both versatile organohalide respiring Desulfitobacterium as well as 
more metabolically restricted Dehalobacter (102, 140). 
2.6.2 Metabolic and Co-Metabolic Dehalogenation 
Anaerobic bacterial dehalogenation of organohalides can be broadly divided as co-
metabolic or metabolic processes. Metabolic dehalogenation utilizes specific catalytic 
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enzymes to couple dehalogenation with microbial growth (64). The exact nature of co-
metabolic dehalogenation remains unknown. While some accounts describe co-
metabolism as the result of fortuitous degradation of structurally similar compounds by 
enzymes used in metabolic dehalogenation (141), other reports suggest that co-metabolic 
dehalogenation results from the incorporation of halogenated compounds into metal-ion 
containing, heat-stable tetrapyrroles as cofactors. (16). The potential for competition 
between auxiliary and target substrates at the active site of functional enzymes may be 
responsible for inefficient remediation at contaminated sites. Particularly, co-metabolic 
processes in facultative OHRB often lead to the generation of an array of undesirable 
intermediates, such as nitrates and sulfates (64). As such, metabolic degradation of 










Table 4 Genomic characteristics of genomes known to contain at least one functional reductive dehalogenase homologue. Genome 
information mined from the IMG database (121). Obligate OHRB indicated in bold. 
Taxon ID Genome Name Phylum 
Genome Size 
(Mbp) 
Genes  GC # rdh  
637000089 Dehalococcoides mccartyi 195 Chloroflexi 1.470 1647 49% 19 
640427111 Dehalococcoides mccartyi BAV1 Chloroflexi 1.342 1443 47% 11 
2540341061 Dehalococcoides mccartyi BTF08 Chloroflexi 1.452 1580 47% 20 
637000090 Dehalococcoides mccartyi CBDB1 Chloroflexi 1.396 1517 47% 32 
2540341062 Dehalococcoides mccartyi DCMB5 Chloroflexi 1.432 1526 47% 23 
646564526 Dehalococcoides mccartyi GT Chloroflexi 1.360 1483 47% 20 
2554235449 Dehalococcoides mccartyi GY50 Chloroflexi 1.407 1591 47% 25 
- Dehalococcoides mccartyi MB Chloroflexi 1.582 1666 48% 38 
646311919 Dehalococcoides mccartyi VS Chloroflexi 1.413 1489 47% 37 
648028022 Dehalogenimonas lykanthroporepellens BL-DC-9 Chloroflexi 1.687 1771 55% 21 
646564534 Ferroglobus placidus AEDII12DO, DSM 10642 Euryarchaeota 2.196 2622 44% 1 
2510065016 Dehalobacter restrictus DSM 9455 Firmicutes 2.943 2908 45% 23 
2519899776 Dehalobacter sp. 11DCA Firmicutes 3.070 3038 45% 18 
2519899539 Dehalobacter sp. CF Firmicutes 3.092 3040 44% 18 
2507262031 Desulfitobacterium dehalogenans JW/IU-DC1, ATCC 51507 Firmicutes 4.322 4252 45% 6 
2507149019 Desulfitobacterium dichloroeliminans LMG P-21439 Firmicutes 3.624 3537 44% 1 
643348537 Desulfitobacterium hafniense DCB-2 Firmicutes 5.279 5042 48% 7 
637000093 Desulfitobacterium hafniense Y51 Firmicutes 5.728 5208 47% 1 
2508501136 Desulfosporosinus orientis Singapore I, DSM 765 Firmicutes 5.863 5638 43% 1 
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Taxon ID Genome Name Phylum 
Genome Size 
(Mbp) 
Genes  GC # rdh  
643886183 Dethiobacter alkaliphilus AHT1 Firmicutes 3.117 3213 48% 1 
641522632 Heliobacterium modesticaldum Ice1 Firmicutes 3.075 3142 57% 1 
637000007 Anaeromyxobacter dehalogenans 2CP-C Proteobacteria 5.013 4421 75% 1 
2524023220 Desulfobacula toluolica Tol2 Proteobacteria 5.198 4435 41% 2 
2509601019 Desulfomonile tiedjei DCB-1, DSM 6799 Proteobacteria 6.527 5664 50% 3 
642555130 Geobacter lovleyi SZ Proteobacteria 3.995 3777 55% 2 
637000137 Jannaschia sp. CCS1 Proteobacteria 4.404 4339 62% 2 
2510065028 Phaeobacter gallaeciensis 2.10 Proteobacteria 4.161 3798 60% 1 
2510065029 Phaeobacter gallaeciensis DSM 17395 Proteobacteria 4.227 3960 60% 1 
2558309061 Phaeobacter gallaeciensis DSM 26640 Proteobacteria 4.540 4437 59% 1 
2574179718 Phaeobacter inhibens T5, DSM 16374 Proteobacteria 4.159 3976 60% 1 
2548877138 Planktomarina temperata RCA23, DSM 22400 (RCA23) Proteobacteria 3.288 3101 54% 2 
2511231065 Pseudovibrio sp. FO-BEG1 Proteobacteria 5.917 5560 52% 1 
639633056 Roseobacter denitrificans OCh 114 Proteobacteria 4.331 4201 59% 1 
2510065042 Roseobacter litoralis Och 149 Proteobacteria 4.745 4668 57% 1 
637000267 Ruegeria pomeroyi DSS-3 Proteobacteria 4.601 4355 64% 2 
637000268 Ruegeria sp. TM1040 Proteobacteria 4.154 3964 60% 1 
640753050 Shewanella sediminis HAW-EB3 Proteobacteria 5.518 4666 46% 5 
2558860208 Sulfurospirillum multivorans DSM 12446 Proteobacteria 3.176 3285 41% 2 
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2.6.3 Mechanisms of Organohalide Respiration 
The reductive dehalogenation reactions in the metabolism of OHRB generate 
halogen ions (Figure 6). Typically, this dehalogenation reaction is the result of a 
hydrogenolytic cleavage. In this mechanism, a halogen substituent is replaced by a 
hydrogen atom, releasing the halide ion. This hydrogenolysis has been demonstrated in 
both alkyl and aryl dehalogenation (48). Another mechanism, so-called 
dihaloelimination, involves vicinal reduction of a carbon-carbon single bond by the 
simultaneous removal of two substituted halogens from adjacent carbon atoms. This 
results in the formation of a double bond between the adjacent carbon atoms from the 
original aliphatic C-C bond (22).  
Dihaloelimination requires only one mole of H2 for the removal of two moles of 
halogen as opposed to the stoichiometrically equivalent H2 required in hydrogenolysis, 
making the energy balance of dihaloelimination more favorable. Hence, there is 
speculation that this mechanism should be favored in hydrogen limiting conditions (142).  
2.6.4 Growth Requirements of Obligate OHRB 
Due to their fastidious nature, laboratory culture of obligate OHRB can be 
problematic. Dehalococcoides in particular are difficult to maintain in pure culture (43, 
98, 111); they are more easily maintained in mixed microbial communities, from which 





Figure 6 Mechanistic differences in organohalide respiration pathways.  
Organic cofactors play crucial roles in the catalysis of the biochemical reactions in 
OHRB metabolism. Cofactors may be loosely or tightly associated with enzymes and 
often participate mechanistically in chemical reactions. Necessary cofactors are 
structurally diverse, yet many are purine nucleotides (ATP, GTP) or contain purine 
nucleotides (FAD, NAD, CoA, MGD, S-adenosylmethionine, corrinoids), or purine 
nucleotides are involved in the biosynthesis of a cofactor (e.g. thiamine, tetrahydrofolate, 
molybdopterine, corrinoids, riboflavin) (145). 
To meet cofactor requirements, bacteria may catalyze de-novo biosynthesis, import 
stable precursor molecules or somehow translocate fully functional cofactors from the 
environment. For the cultivation of pure cultures, cofactors that are not de-novo 
synthesized have to be supplied as vitamins within the culture (145). 
Other cultivation experiments to determine the vitamin requirements of 
Dehalococcoides have revealed that cyanocobalamin (vitamin B12), thiamine and biotin 
are essential nutrient supplements for pure culture growth (110). Additional studies have 
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found that cyanocobalamin can be substituted with dicyanocobinamide and dimethyl-
benzimidazole, indicating a partial synthesis pathway for cyanocobalamin in some 
Dehalococcoides (145). The publication of complete genomes for multiple 
Dehalococcoides species has allowed for genomic analysis, shotgun proteomics and 
microarray studies of the biosynthetic pathways present in Dehalococcoides (145-148). 
These studies have confirmed the expression of biosynthetic pathways for pyridoxal-5-
phosphate, flavin nucleotides, folate, S-adenosylmethionine, pantothenate and nicotinic 
acids in at least Dehalococcoides mccartyi strain CBDB1. Cytochromes, quinones and 
lipoic acids are not necessary for cultivation or dechlorination activity and no 
biosynthetic pathways for these molecules have been annotated in available 
Dehalococcoides genomes. 
In spite of this better understanding of growth requirements, some disparity still 
exists between the growth of Dehalococcoides species in-situ at polluted sites and in 
laboratory cultures. The maximum reported growth rates of Dehalococcoides in pure and 
enrichment cultures in the laboratory are in the range of 0.2–0.4 day-1, reaching a 






 (43, 94, 97, 144). Although some recent 
results seem to indicate cell density that is at least comparable to that achievable in 
laboratories (149), quantitative analyses of Dehalococcoides 16S rRNA in samples taken 
from CE bioremediation sites have found abundances of 10
2–107 copies gram-1 of 
material (66, 150). This disparity may be due to the difficulty of quantifying the growth 
rate of a single bacterial species that exists in low relative abundance in complex 
microbial communities. 
2.7 Interactions in Complex Bacterial Communities Involving OHRB 
Though isolates of several distinct Dehalococcoides have been discovered, most 
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dechlorinating cultures used in laboratories and in field applications contain a mixed 
consortium of bacteria. These communities, which are generally undefined, include 
dechlorinating, fermentative, methanogenic, as well as iron and sulfate reducing bacteria 
(Figure 7). Undefined cultures are utilized due to the difficulties associated with 
maintenance of pure Dehalococcoides cultures (110, 149) and to comparatively more 
robust dehalogenation by mixed cultures (144, 151). Examples of commercially available 
dehalogenating bacterial consortia include: KB-1™ (13, 144), SD-9™ (14, 149), ANAS 
(152), PM or EV (4, 6) and the Bio-Dechlor INOCULUM available from Regenesis.  
The exact mechanism responsible for the increased stability of dechlorination 
activity in bacterial consortia is unknown, but thermodynamic modeling and in-situ 
examination of bacterial communities can infer syntrophic metabolic activities. 
The thermodynamics of hydrogenotrophic dehalogenation imply that OHRB can 
out-compete sulfate reducing, acetogenic and methanogenic bacteria in anaerobic 
environments where only hydrogen is available as an electron donor (86, 153). In such 
systems, the electron accepting dehalogenation reactions carried out by OHRB scavenge 
hydrogen in a tight syntrophy with hydrogen producing bacteria (134). This type of 
relationship is particularly favorable to dehalogenating bacterial populations competing 
with faster growing methanogens and acetogens in environments containing obligate 
fatty-acid fermenting populations. Studies have shown that the slow release of hydrogen 
in such communities results in a dramatic increase in the relative abundance of Cloroflexi 
populations (87, 154, 155). Conversely, an overabundance of hydrogen in a system 
results in slower growing OHRB populations being outcompeted by other anaerobes 
(135). In one study, undefined microcosms containing dehalogenating populations were 
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used to evaluate dehalogenation endpoints and the effect of electron donors on 
community dynamics. Ultimately, these microcosms revealed the importance of 
syntrophic interspecies acetate transfer between H2/CO2 acetogens and the acetotrophic 
OHRB (87).  
In addition to interspecies transfer of carbon and electron sources, evidence of 
transfer of partially reduced organohalides (134) as well as transfer of growth factors and 





Figure 7 Idealized flow of electrons from environmentally available electron donors to 
electron acceptors in anaerobic systems via oxidation of mixed and complex organic 
materials. Microorganisms that use organohalide compounds as electron acceptors in 
respiration compete for electrons from acetate and hydrogen intermediates with 
microorganisms that utilize sulfate, iron (III), and carbon dioxide. Figure adapted from 
(157) 
2.8 Enzymes Involved in Organohalide Respiration  
2.8.1 Reductive Dehalogenase Genetic and Protein Structure 
A class of membrane-anchored proteins, termed reductive dehalogenase enzymes 
(RDase), catalyzes respiratory organohalide reduction reactions. These enzymes were 
first identified and characterized from Desulfomonile tiedje strain DCB-1, a 3-
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chlorobenzene dehalogenating organism (158). Following this initial identification, 
reverse genetics approaches were used to identify reductive dehalogenase homologous 
genes (rdh), the functional genes encoding the RDase, in a variety of organisms (159, 
160). Modern genomic capabilities have since been used to identify over 250 
characterized and putative reductive dehalogenase homologues and orthologues. For a 
recent, comprehensive review see Hug et al. 2013 (102). 
RDases feature several conserved motifs both in genetic sequence and in protein 
structure. Multiple non-identical copies of genes encoding these enzymes are often found 
in the genomes of OHR; up to 36 have been found in a single Dehalococcoides genome 
(Table 4) (161). Typically, a functional rdhA gene is part of an operon containing at 
least a co-transcribed rdhB sequence, which codes for a putative membrane anchoring 
protein (162). Genes encoding transcriptional regulators, chaperones, transposases and 
phage integrases are also frequently found near the rdhA and rdhB genes (Figure 8). 
Often, these operons have one or more elements with high homology to NiR/NoS 
regulatory systems, which may function in regulation of the rdh operon (163). Although 
there is some experimental evidence of regulatory mechanisms governing rdh operons 
from Desulfitobacterium (89, 164), a complete NiR/NoS-like operator pathway is not 
present in any known Dehalococcoides genomes. As such, the exact regulatory 
mechanism of rdh in Dehalococcoides is still unknown, although there is circumstantial 
evidence that MarR-like transcriptional regulators located near numerous functional rdh 




RDases have several characteristic conserved features. At the primary sequence 
level, all RDases contain two iron–sulfur cluster binding motifs and a twin-arginine 
signal motif for translocation to or across the cell membrane (162). At the quaternary 
level, functionally characterized RDases all contain vitamin B12 derived corrinoid co-
factors (Figure 10) (165). Despite general consensus about these features of RDases, the 
localization of the mature RDases holoenzyme seems to be variable (Figure 9).  
 
 
Figure 8 Functional rdh gene clusters in representative Dehalococcoides strains. 
Sequence accession numbers as follows: Dehalococcoides mccartyi 195 tce cluster: 
CP000027; Dehalococcoides mccartyi VS vcr cluster: AY322364; Dehalococcoides 
mccartyi BAV1 bvc cluster: AY563562; Dehalococcoides mccartyi CBDB1 cbr cluster: 
AJ965256.  Genome information mined from the NIH GenBank database. 
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Figure 9 Hypothetical model of (A) intramembrane and (B) membrane bound  RDase 
localization in OHRB. Question marks indicate hypothetical or unknown proteins 
involved in electron transport. All models place the hydrogenase on the outer membrane 
and localize the dechlorination event intracellularly. Figure adapted from (166). 
 
Figure 10 Schematic representation of maturation and localization of the PCE RDase 
in Desulfitobacterium hafniense Y51. The arrangement of the gene cluster is shown at the 
bottom of the figure and the maturation processes are indicated by arrows. TAT: twin-




Using the PceA reductive dehalogenase from Desulfitobacterium hafniense Y51, 
Suyama et al. describe a system in which the mature enzyme is located and functions in 
the periplasmic space (Figure 10) (167). However, results of studies from other 
dehalogenating phyla have found that localization of the functional enzyme is dependent 
upon the type of organohalide present (166, 168).  
Several rdhA have been identified based on N-terminal amino acid sequencing of 
purified enzymes. However, until very recently the low biomass of OHRB was an 
insurmountable barrier to structural characterization of RDases. The recent functional 
heterologous production of a RDase derived from Desulfitobacterium hafniense in a non-
dechlorinating host, Shimwella blattae, has potentially opened the door to a new era of 
molecular and biochemical research into these enzymes. The expression of a catalytically 
active recombinant PceA enzyme was achieved by co-production of the dedicated PceT 
chaperone and culturing of recombinant cells in media amended with specific precursors 
for enzymatic cofactors (169). Soon after the publication of this active recombinant 
RDase, Bommer et al. solved the crystal structure of the PceA protein derived from 
Sulfurospirillum multivorans. The structure of PceA has been imaged with the catalytic 
site both vacant and occupied by TCE. This has provided the first insight into many 
features of the enzyme, including the mechanism for electron transfer during catalysis of 
enzyme bound substrate (Figure 12) as well as the relationship between amino acid 
sequence and substrate preference (Figure 11) (170, 171).  
Notably, the crystal structure reveals that the catalytic site of the active enzyme, 
which exists as a dimer, is buried deep within the enzyme in a pocket containing the ring 
system of the cobalamin cofactor and both iron-sulfur binding clusters. For the substrate 
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to be catalyzed, it must first pass through a structurally variable region that forms a 
stereoselective channel leading to the catalytic site. The side chains of the amino acids 
that comprise the channel create another layer of substrate stereoselectivity. The catalytic 
site of the PceA holoenzyme provides an additional layer of selective substrate 
recognition, as catalysis of the chlorinated compound requires that cis oriented chlorine 
substituents face the corrinoid ring structures of the cobalamin cofactor in order for the 
trans oriented chlorine substituent to be removed. Additionally, the amino acids that 
create the catalytic pocket have tightly packed side chains which allow little 
conformational latitude, thereby providing steric hindrance to the binding of non-target 
substrates (170). This model of catalysis fits experimental evidence that describes cis-
DCE as the majority product of PCE and TCE dechlorination by PceA in 
Sulfurospirillum multivorans (166). Undoubtedly, knowledge of the structure f this 
RDase will lead to rapid advances in understanding of both the substrate range of putative 
rdh from diverse species and in elucidation of the exact mechanism of electron transfer in 




Figure 11 PceA quaternary structure. A deep substrate binding pocket contains the 
reactive vitamin B12 variant as well as the substrate, TCE. Access to the active site is 




Figure 12 Model of PceA attachment to the periplasmic face of the cytoplasmic 
membrane. The helix/loop represents structures are only observed (helix) or well defined 
(β sheet/loop) in the presence of a crystal contact in the P21 crystal form. (Right) 
Distances (in angstroms) for putative electron (dashed lines) and proton (arrow) transfers 
onto the substrate. The figure shows the geometry observed in the TCE bound crystal. 
Figure taken from (170) 
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Despite these promising advances, identification of the majority of rdh, especially 
the multitude found in the genome sequences of OHRB, is based primarily on sequence 
similarity and the presence of the above-mentioned conserved amino acid motifs. 
However, as research into the physical mechanism of catalysis proceeds, it is important to 
bear in mind that not all RDase are homologous to each other and that the genetic 
systems responsible for organohalide respiration likely vary from one organism to 
another (102). 
2.8.2 Specificity of Anaerobic RDases  
RDases are the functional catalysts in the respiratory processes of OHRB. Recently 
the crystal structure of two RDases, an oxygen tolerant RdhA derived 
from Nitratireductor pacificus pht-3B (172) and an oxygen intolerant PceA from 
Sulfurospirillum multivorans (170) have been solved. However, despite this progress, a 
conclusive link between rdh gene sequence and substrate specificity remains elusive. 
This makes predicting the substrate range that will support growth in a specific bacterium 
a difficult task (45).  
Most of the OHRB RDases characterized to date are known to dehalogenate 
chlorinated aliphatic or aromatic compounds, such as CEs, CPs, and CBs. It was 
originally assumed that these enzymes were highly specific for single substrates (162), 
but more recent evidence suggests that RDases may have broad substrate ranges. Indeed, 
recent evidence of RDases capable of dehalogenation of saturated and unsaturated 
chlorinated aliphatics (173, 174) and of RDases capable of dehalogenation of both 
chlorinated biphenyls and chlorinated aliphatics (109) indicates that the substrate range of 
these enzymes may be far greater than previously supposed. Further, descriptions of 
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OHRB capable of utilizing brominated (175, 176), iodinated (177), and fluorinated (178) 
compounds for growth seem to suggest that the apparent prevalence of organochlorine 
degrading OHRB is due to study bias rather than to biological preference. 
2.8.3 Molecular Characterization of RDases  
Though recent studies using blue native PAGE for enzyme activity assays have 
extended the range of substrates for several of these enzymes (179), RDases have proven 
difficult to characterize biochemically. This is due primarily to the facts that the enzyme 
is inactivated by exposure to molecular oxygen (77) and until very recently there has 
been no genetically tractable system for cloning and expression (169). Additionally, in 
the case of members of the Dehalococcoides and Dehalogenimonas, obtaining sufficient 
biomass for biochemical assays is a major constraint to biochemical analysis (180). 
Generally, substrates for RDases have been determined by culture-based methods 
and, less frequently, enzymatic assays using purified enzyme. RDases that have been thus 
described include:  
 The PceA enzymes from Sulfurospirillum multivorans and Dehalobacter 
restrictus PER-K23 are known to dechlorinate PCE to cis-DCE via TCE (103, 
181-183). PceA and TceA enzymes from Desulfitobacterium are similarly 
incapable of dechlorinating DCE isomers (167, 184).  
 
 CprA and CrdA from Desulfitobacterium dehalogenans and 
Desulfitobacterium hafniense have been shown to dechlorinate a variety of 
chlorinated phenols, with preferential differences for ortho-, meta- and para- 
substituted halogen removal (160, 185-187).  
Within the Dehalococcoides, eight proteins involved in dechlorination of 
unsaturated and saturated chlorinated aliphatics and aryls, as well as chlorinated 
biphenyls have been described (Table 3). PceA has been shown to dechlorinate PCE to 
49
  
TCE (188). TceA has been shown to dechlorinate TCE to DCE isomers and VC, but 
induction of expression of TceA by intermediate compounds varies between strains 
(162). VcrA is responsible for metabolic catalysis of TCE, all 3 DCE isomers and VC to 
ethene (189, 190). VcrA is also capable of the transformation of 1,2-DCA to ethene via 
dihaloelimination (190). MbrA, the RDase from strain MB, dechlorinates TCE to cis- and 
trans-DCE, with trans-DCE as the major product (95). BvcA, from strain BAV1 
catalyzes dechlorination of trans-DCE to ethene (110). CbrA, the RDase found in strain 
CBDB1, dechlorinates 1,2,3,4-CB and 1,2,3-CB (94). The recently described PcbA1, 
PcbA4 and PcbA5 RDases dechlorinate PCE to cis- and trans-DCE as well as 
transforming octo- and penta-PCBs to less chlorinated PCBs with preferential difference 
for ortho-, meta- and para- substituent removal among different enzymes (109). 
The oxygen sensitivity of RDases, their associations with the cell membrane, and 
the tendency for multiple rdh to be transcribed have impeded determination of tertiary 
structures for these enzymes. The current frontier of molecular and biochemical research 
on the RDases is focused on further heterologous expression of rdh genes and ultimately 
using this technology to engineer the substrate range of OHRB (159, 191, 192).  
2.8.4 RDase Kinetics 
Reductive dechlorination is known to be associated with bacterial growth in some 
OHRB (43). The rate of cell growth can be described as a function of maximum substrate 
degradation rate and cell decay using traditional Monod kinetics, such that 𝑟𝑋 =




), Yi is the 
substrate specific cell yield for substrate i (cells mmol
-1
), and b is the cell decay rate (day
-
1
) (193). Cell growth may also be dependent on the ability of the culture to metabolically 
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transform intermediate dehalogenation products. In most reports, an aggregated 
dechlorinating biomass is assumed to represent the dechlorinating populations and the 
substrate specific growth rate is assumed to be equal for all halogenated substrates (6, 13, 
14, 97, 194). For actual in-situ estimations of bacterial growth, one or both of these 
assumptions may result in overestimation of bacterial growth due to co-metabolic 
transformation of organohalide contaminants (195). Additionally, some evidence 
suggests that potential dehalogenating populations in mixed communities have specific 
organohalide substrates that can be used for cell growth (4, 6, 86). 
RDases are subject to competitive and non-competitive inhibition by different 
organohalide compounds. Often, these enzymes exhibit different binding specificity for 
compounds with different degrees of halogenation, tending to show the highest affinity 
for more halogenated molecules. Additionally, intermediate dehalogenation products of 
stepwise reduction of poly-halogenated compounds have been shown to act as inhibitors 
of upstream and downstream dehalogenation. Figure 13 details the current 
understanding of the inhibitory effects of different compounds on dechlorination by 
Dehalococcoides.  
The general form for the model of competitive inhibition in these enzymes as 






 where Cn 
is the concentration of the competitive inhibitor (mmol liter
-1
) and K
inh,n is the inhibition 
constant (mmol liter
-1
) (1). Due to the toxic nature of potential substrates, different 
modeling approaches have also been used to describe the toxicity of high concentrations 
of substrate on the dechlorinating bacteria (196).  
An issue that has received less attention is the effect of non-target halogenated 
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compounds inhibiting the desired dehalogenation activity in-situ. For instance, co-
contaminants like carbon tetrachloride, CF and 1,1,1-TCA inhibit chloroethene 















Figure 13 Inhibitory effects of differently chlorinated compounds on stages of stepwise dechlorination of PCE and its derivatives by 
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2.9 Reductive Dehalogenase Homologous Genes 
2.9.1 rdh Regulation 
Due to the high metabolic cost of producing the RDases and associated 
molecular components required for organohalide respiration, the expression of rdh is 
likely under tight transcriptional control. Genomic analyses of dehalogenating 
bacteria have been used to implicate a range of distinct transcriptional regulators in 
expression of rdh, with some reports suggesting that the range of compounds that can 
initiate rdh transcription is more restricted than the substrate range of the enzymes 
themselves (48). 
Transcriptional studies have found a positive correlation between functional 
gene expression and dechlorination activity, providing indirect confirmation of the 
role of specific gene products (109, 152, 197-200). However, these studies provide no 
insight into the regulatory network controlling transcription of relevant genes, and the 
mechanism by which the cell responds to the presence of halogenated substrate 
remains unknown (201-203).  
Genome sequencing of several OHRB has revealed that many rdh are locally 
associated with either MarR-type single component regulatory sequences or two-
component NiR/NoS-like regulatory systems (198, 204-207). Although no 
experimental evidence of MarR-like repression is available, the frequency of co-
localization of MarR homologues and rdh operons seems to at least circumstantially 
implicate this type of system (Table 5). If these regulators function similarly in 
Dehalococcoides as in of other bacteria, rdh should be up-regulated when substrate 
becomes available (206). 
Due to the abovementioned lack of experimental evidence, at present the only 
models of rdh regulation in Dehalococcoides are conceptual. Bælum et al proposed a 
model (Figure 14) for vcrA regulation based on a simplification of the two-
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component StyS/StyR regulator found in Pseudomonas fluorescens. This model 
assumes that expression of vcrA is activated by the presence of VC via a predicted 
sensor kinase gene, vcrS, which is constitutively expressed from an adjacent upstream 
promoter, PvcrS. The VcrS sensor kinase up-regulates the transcription of a response 
regulator gene, vcrR, in the presence of VC. VcrR in turn binds to a promoter region 
upstream of the functional gene, vcrA, and other putative genes in the operon required 
for metabolic dehalogenation of VC (e.g vcrB, etc.) (208).  
Table 5 MarR and rdh co-localization. Incidence of MarR-like regulatory sequences 
(gene sequences or binding motifs) and rdh operons in available Dehalococcoides 
genomes; genome information for  Dehalogemonas lykanthroporepellens is included 







# of marR adjacent to 
an rdh operon 
Dehalococcoides mccartyi 195 19 6 3 
Dehalococcoides mccartyi BAV1 11 4 1 
Dehalococcoides mccartyi BTF08 20 11 7 
Dehalococcoides mccartyi CBDB1 32 16 10 
Dehalococcoides mccartyi DCMB5 23 5 3 
Dehalococcoides mccartyi GT 20 12 7 
Dehalococcoides mccartyi GY50 25 13 8 
Dehalococcoides mccartyi MB 38 17 9 
Dehalococcoides mccartyi VS 37 14 10 
Dehalogenimonas lykanthroporepellens BL-DC-9 21 2 0 
 
 
Figure 14 Model of vcrA regulation via a StyS/StyR two-component response 
regulator system. Catalysis of VC dechlorination by VcrA is indicated at the right of 
the regulatory diagram. Figure adapted from (208). 
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This model likely oversimplifies the specificity of the sensor and/or response 
regulator proteins involved, as it makes the unlikely assumptions that the presence of 
VcrA is the single rate-limiting factor for VC dechlorination and that VC is the only 
effector molecule capable of binding the sensor protein (203). Despite this obvious 
drawback to the Bælum model, there is at least some evidence to support a regulatory 
system that includes some type of two-component system. Hence, this model, which 
is based on current knowledge of the cellular processes involved in dechlorination 
(99, 109, 207, 209), seems to be as reasonable an abstraction of the regulation of these 
operons as is currently available.  
2.9.2 Gene Acquisition and Transfer 
Phylogenetic diversity of OHRB, similarities in protein structure and genetic 
organization of RDases and the apparent ubiquity of OHRB raise questions about the 
evolutionary origin of metabolic dehalogenation. The presence of at least four distinct 
classes of RDases in OHRB suggests that these enzymes have evolved independently 
from distinct ancestors (105). Even more compelling is the presence of genomic 
structures that indicate significant genomic plasticity within Dehalococcoides (161), 
as well as the presence of multiple, seemingly non-functional, rdh gene clusters in 
different Dehalococcoides isolates (147). The preponderance of evidence seems to 
suggest that there has been duplication, multiplication and transfer of rdh genetic 
elements as OHRB have encountered an increasingly diverse range of xenobiotic 
compounds in the environment, triggering a rapid expansion of dehalogenation 
capabilities between different OHRB populations (48). 
Though the mechanism of this gene flow remains unknown, analysis of 
available genome sequences has provided insight into possible paths for this type of 
gene transfer. Similar to other metabolic degradative genes, rdh genes are frequently 
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found as a part of mobile DNA elements (161, 210). Rearrangements that involve 
mobile genetic elements, such as gene duplication, formation of chimeric genes and 
gene transfer, are thought to have played a role in the evolution of organohalide 
respiration. Comparative sequence analyses reveal traces of chromosomal 
rearrangements, particularly in cases where multiple rdhA gene clusters are present in 
a single chromosome. For example, the pceABCT gene cluster of Desulfitobacterium 
hafniense strains Y51 and TCE1, which share 99.7% identity, is surrounded by two 
nearly identical copies of an insertion sequence element that includes a gene encoding 
a known transposase (211, 212). This seems to indicate that the pceABCT gene cluster 
has been inserted into the chromosome as a composite transposon in these two strains. 
Evidence pointing to horizontal gene transfer between genera can also be found in the 
highly conserved pceABCT operon, even the non-coding intergenic regions of which 
is found among diverse Desulfitobacterium and Dehalobacter species (213). 
Several other lines of evidence support the supposition of horizontal gene in 
OHRB. In addition to the pceABCT mentioned, there is some evidence of 
chromosomal rearrangement and deletion that seems to be induced by exposure to 
TCE and 2,4,6-TCP in Dehalococcoides strain GY50 (personal communication – Dr. 
Ding Chang, NUS). Mobile genetic elements arranged as genomic islands have been 
identified within the genome of VC dechlorinating Dehalococcoides isolates. These 
genetic elements are characterized by identifiable site-specific recombination loci 
flanking chromosomal regions of up to 12 kb that are compositionally dissonant with 
the rest of the chromosome (214). Further, codon usage in the vcrA and bvcA genes of 
D. mccartyi strains VS and BAV1, respectively, is highly disparate from other coding 
regions on the chromosome (215). The comparatively high degree of abnormal codon 
usage in the vcrA and bvcA genes suggests that the evolutionary history of these genes 
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is different than that of other genes in the genome. These data suggest that mobile 
elements have played an important role in the organization and evolution of RDases 
in Dehalococcoides. Finally, dehalogenation activity in Rhodopseudomonas palustris, 
an anaerobic photoheterotroph, provides a most convincing case for horizontal 
transfer of rdh. Non-dehalogenating strains were found to acquire the ability to 
dehalogenate organohalides after incubation in the presence of halogenated 
compounds, suggesting that only a few changes are needed to unlock dehalogenation 
(216, 217).  
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3 Materials and Methods 
Chemicals 
Chlorinated compounds and all other chemicals used in analyses and media 
preparation were purchased from Sigma-Aldrich (Saint Louis, MO, USA) with a 
minimum purity of 99.5%. Hydrogen was produced from a hydrogen generator (NM-
H250, Schmidlin-DBS AG, Neuheim, Switzerland) and used as indicated. 
Bacterial culturing 
Dehalococcoides strains were grown under strict anaerobic conditions in 160-, 60- 
and 20 ml serum bottles (containing 100, 30 and 10 ml of media, respectively) sealed 
with butyl rubber stoppers. Anaerobic medium was prepared as described previously. 
(218) (219).  
Cultures were grown and maintained in defined mineral salts media (DCB-1) 
containing the following (per liter): NaCl, 1.0 g; MgCl2 x 6H2O, 0.5 g; KH2PO4, 0.2 
g; NH4Cl, 0.3 g; KCl, 0.3 g; CaCl2 x 2H2O, 0.015 g; resazurin, 1 mg; trace element 
solution, 1 ml; Na2S x 9H2O, 0.048 g; L-cysteine, 0.035 g; NaHCO3, 2.52 g.  
Trace element solution contained the following (per liter): HCl (25% [wt/wt] 
solution), 10 ml; FeCl2 x 4H2O, 1.5 g; CoCl2 x 6H2O, 0.19 g; MnCl2 x 4H2O, 0.1 g; 
ZnCl2, 70 mg; H3BO3, 6 mg; Na2MoO4 x 2H2O, 36 mg; NiCl2 x 6H2O, 24 mg; and 
CuCl2 x 2H2O, 2 mg. Reductants were added to the medium after it had been boiled 
and cooled to room temperature. 
DCB-1 media was amended with chlorinated compounds in nominal concentrations 
as indicated, filter sterilized acetate (5mM) and a vitamin solution including  
0.05 mg l
-1
 of vitamin B12. Medium was amended with sterile hydrogen gas (0.2 
BAR), unless indicated otherwise.  
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Cultures were inoculated in volume ratios as indicated. Unless specified otherwise, 
experiments were conducted as biological triplicates, and abiotic controls (without 
inoculation of bacteria) were included to monitor for potential non-biological 
dehalogenation. All cultures were incubated at 30°C without agitation in the dark. 
Serial dilution-to-extinction 
Dilution-to-extinction series and agar shakes were performed in 20 ml serum bottles 
containing 10 ml DCB-1 medium amended with acetate (5mM) and H2 (0.2 BAR) 
spiked with TCE at a nominal concentration of ~2mM to enrich cultures. During the 
isolation process, an active culture inoculated from a single colony was subsequently 
subjected to two sequential dilution-to-extinction series (inoculum for second set of 
serial dilution-to-extinction cultures was taken from the lowest dilution with 
dechlorination activity in the first set) with 100 μg/ml of ampicillin, followed by 
consecutive transfers in media not amended with antibiotics.  





 dilutions. Agar shakes were prepared by the addition of 0.6 % SeaPlaque® low 
melting temperature agarose (Lonza, ME, USA) to DCB-1 media during preparation. 
Agar shake dilutions were inoculated from corresponding dilutions of liquid media in 




 dilutions.  
Kinetics experiments 
Dechlorination kinetics of different chlorinated compounds was conducted to identify 
and characterize the metabolic dehalogenation range of strain GEO12. Cultures were 
inoculated at 1% vol/vol in 160 ml serum bottles amended with chlorinated 
compounds as indicated and grown to completion (e.g., no chlorinated compounds 
remaining in media). 
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Cells for extraction of total DNA (1.0 ml cells) were harvested from cultures at 
defined time points throughout dechlorination. Cells were harvested regularly until all 
chlorinated compounds (except CF) had been completely dechlorinated to ethene. 
Transcription experiments 
Transcriptional analysis was conducted to identify functional and expressed rdh genes 
among the seven identified rdh orthologues in strain GEO12. Cultures were 
inoculated at 1% vol/vol in 160 ml serum bottles, grown to completion (e.g., no 
chlorinated compounds remaining in media) and then starved for 120 hours. After 
starvation, biological triplicate parallel cultures were spiked with TCE, trans-DCE, or 
1,2-DCA and CF as indicated. Cells for extraction of total RNA (1.5 ml cells) and 
DNA (1.0 ml cells) were harvested from cultures at defined time points. DNA and 
RNA were extracted from cells as described. Cells were harvested regularly until all 
chlorinated compounds (except CF) had been completely dechlorinated to ethene. 
In the case of the CF adapted subpopulation of strain GEO12 (GEO12CF), biological 
triplicate cultures repeatedly failed to dechlorinate TCE after the starvation phase. 
Transcription analysis was therefore carried out during the primary growth phase 
sustained by TCE dechlorination by harvesting cells for total RNA and DNA 
extraction at defined time points as described above. After complete dechlorination of 
all chlorinated compounds, the culture was starved for 120 hours after which time 
cells were harvested for total RNA and DNA extraction 
Directed evolution of strain GEO12 
Cultures were inoculated (3% vol/vol) in triplicate and the replicate exhibiting the 
most rapid dechlorination activity was used for transfer after all chlorinated growth 
substrate had been dechlorinated completely to ethene. The CF concentration was 
increased in a stepwise fashion by ~8µM after 2-4 transfers at a fixed concentration. 
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Dechlorination activity of CEs and presence of CF in cultures was monitored by GC-
FID as described. Where addition of neat CF to achieve desired concentrations was 
not technically feasible, CF was diluted with 2,2,4-trimethylpentane. 
GC/FID 
Chloroethenes, chloroethanes, ethene and ethane from the headspace of cultures were 
measured with a gas chromatograph (GC-7890A, Agilent, Wilmington, DE, USA) 
equipped with a flame ionizing detector and a capillary column (Restek Rxi®-5ms, 
15m x 250µm x 0.25µm, Bellafonte, PA, USA). The oven temperature was initially 
held at 50ºC for 1 min, and then increased at 30ºC min
-1
 to 80ºC. Helium was used as 
the carrier gas at a flow rate of 1.0 ml min
-1
 and nitrogen was used as the makeup gas 
at a flow rate of 25 ml min
-1
. 0.2 ml headspace samples were manually injected into 
the gas chromatograph using a 1 ml gas tight syringe (Hamilton Company, Reno, NV, 
USA). Nominal concentrations of compounds were calculated using Henry’s law 
constants. (The standards (using nominal concentrations) were prepared in the same 
way as the cultures. Therefore the concentrations obtained for the cultures are also 
nominal concentrations. Using henry’s law we can calculate the actual aqueous 
concentrations of the compounds based on the nominal concentrations and the volume 
of headspace/liquid) 
The GC/FID column was calibrated using a series of 5 standards amended with 
defined concentrations of halogenated compounds. Standards were incubated under 
the same conditions as bacterial cultures and the GC was calibrated at regular 
intervals during experimentation by triplicate injection of each standard. Figure 15 




Figure 15 Representative GC/FID calibration curve. 
TCD 
Hydrogen and nitrogen in headspace of serum bottles were measured with a gas 
chromatograph (GC, model 7890A; Agilent Technologies, U.S.A.) equipped with a 
thermal conductivity detector (TCD) (Varian PLT-5A, 50m x 530 µm x 10µm, Palo 
Alto, CA, USA). The oven temperature was held an at initial temperature of 35ºC for 
1.25 min, increased at a rate of 80ºC min
-1
 to 180ºC and held at that temperature for 
1.14 min. Argon (20 ml min
-1
) was used as the reference gas and helium (3 ml min
-1
) 
was used as the makeup gas. Headspace samples of 1 ml were manually injected into 
the gas chromatograph using a 1 ml gas tight syringe (Hamilton Company, Reno, NV, 
USA). Partial pressure of gases was calculated using the ideal gas law. 
DNA extraction 
Cells for Dehalococcoides DNA extraction were collected from 1 ml samples of 
cultures samples by centrifugation (15 min at ~ 20, 000g, 4ºC) in DNase/RNase-free 
microcentrifuge tubes. Cell pellets were stored at -20 ºC for further processing. The 
genomic DNA was extracted using the Qiagen DNAeasy Blood and Tissue Kit 
(QIAGEN GmbH, Hilden, Germany) according to the manufacturer’s instructions, 
R² = 0.9969 R² = 0.9986 
R² = 0.9979 R² = 0.9933 
























except that 1. The volume of proteinase K was increased from 20 µl to 45 µl, 2. 10 µl 
of achromopeptidase (7, 500 U/ml) (Sigma-Aldrich, USA) and 20 µl of lysozyme 
(Sigma-Aldrich, USA) were added to increase the efficiency of cell lysis. 
RNA extraction and RT-PCR 
Total RNA was obtained from 1.5 ml of sample by centrifugation (15 min at ~ 20, 
000g, 4ºC) in DNase/RNase-free microcentrifuge tubes. Cell pellets were resuspended 
in 150 µl of TRIzol® Reagent (Life Technologies, Grand Island, NY, USA) and 
stored at -80ºC until further processing.  
RNA was extracted using the RNeasy extraction kit (QIAGEN GmbH, Hilden, 
Germany) according to the manufacturer’s instructions, including DNase incubation 
of RNA spin columns to minimize carry-over of DNA in RNA preparations. 
Luciferase control RNA (Promega, Madison, WI, USA) was added as an internal 
reference transcript for mRNA loss during RNA extraction, reverse transcription, and 
quantification and both rpoB and 16S rRNA was included in this study as a 
housekeeping gene (positive control and standard reference) for all qPCR assays. All 
RNA samples were eluted to a final volume of 30µl in RNase free water.  
Reverse transcription was carried out on all samples immediately following RNA 
extraction using the two-step RT-PCR Sensiscript kit (QIAGEN, GmbH, Hilden, 
Germany). cDNAs were synthesized by incubating 12 µl of extracted RNA in a 20 µl 
reaction mixture at 37ºC for 3 hrs. cDNA was stored at -20°C for further analysis. 
The housekeeping genes, rpoB and 16S rRNA, were chosen to serve as indicators of 
basal metabolic activity of the bacterial cells. cDNA quantities were normalized to 
measured luciferase quantities to account for variations in RNA extraction and cDNA 
synthesis efficiencies among samples. The transcriptional levels of RDase genes were 
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normalized against the 16S rRNA gene as it exhibits less variation than rpoB during 
dehalogenation. 
qPCR 
Quantitative real-time PCR (qPCR) targeting Dehalococcoides 16S rRNA as well as 
the rpoB and 7 putative rdh from Dehalococcoides mccartyi strain GEO12 was 
performed on an ABI 7500 Fast real-time PCR System (ABI, Foster City, CA, USA) 
with the Evagreen SSoFast Lo-ROX master mix from Bio-Rad (Hercules, CA, USA) 
according to the manufacturer’s recommended mix concentrations. Reactions were 
performed in 10μl volumes containing 5μl of 2X Evagreen SSoFast Lo-ROX PCR 
master mix (Bio-Rad, Hercules, CA, USA), 0.4μl of each primer (5 pmol μl-1), 0.13μl 
bovine serum almbumin, 3.07µl DNase and RNase free distilled water, and 1μl of 
template plasmid DNA or cDNA. Primer pairs were utilized for qPCR as indicated on 
(Table 6).  
qPCR was performed with a melting temperature of 98°C, an annealing temperature 
of 59°C and no extension step. Primer specificity was confirmed by melt curve 
analysis. CT thresholds for all qPCR cycles were manually curated. The 
thermocycling program was as follows: an initial step of 3 min at 98°C, followed by 
40 cycles of 15 s at 98°C and 30 s at 59°C. Fluorescence data were collected after 
each annealing step. 
Plasmid constructs for qPCR standardization were constructed using the pGEM-t 
Vector system (Promega Corporation, Madison, WI, USA). Plasmid inserts were 
obtained by PCR of genomic DNA from strain GEO12 with the same primer pairs 
employed as qPCR targets. The PCR products were visualized on a Molecular Imager 
Gel Doc XR System (Bio-Rad, CA, U.S.A.). Plasmid constructs were transformed in 
chemically competent E. coli TOP10 cells and inserts were verified by blue/white 
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lacZ screening according to the pGEM-t manufacturers instructions. Insert sequences 
were confirmed by direct sequence analysis. Plasmids were obtained using the 
QIAprep Spin Miniprep kit (QIAGEN GmbH, Hilden, Germany).  
Plasmid DNA concentrations used in qPCR standardization were measured by 
NanoDrop ND-1000 (Thermo Scientific, Willmington, DE, USA). The average of 
triplicate measurements was used in determination of each plasmid concentration. A 
calibration curve for qPCR was obtained by using serial dilutions of measured 
plasmid DNA concentrations. Individual calibration curves were established for each 




 gene copies µl
-1
 of 
template DNA with an R
2
 linear regression of 0.999 or greater and efficiency between 
95%-105%. The qPCR experiments were carried out in triplicate along with 
appropriate controls (reference luciferase mRNA, housekeeping rpoB and 16S rRNA 
cDNA controls). 
Genomic DNA for Genome Sequencing 
Genomic DNA from strain GEO12 was extracted using the Genomic-Tip 100/G kit 
(QIAGEN GmbH, Hilden, Germany) from cells grown in 160 ml serum bottles 
amended with TCE as indicated. 
DNA Sequencing 
Sequencing of purified plasmids and PCR products was performed by 1
st
 BASE 
(Singapore, Singapore) using the Sanger sequencing method. Plasmids and PCR 
products were purified using the EZNA Plasmid DNA Mini Kit II (D6945-01) and 
EZNA Gel Extraction Kit (D2500-02) from Omega Bio-Tek (Norcross, GA, USA). 
Genome Sequencing 
Genomic sequencing of strain GEO12 was performed by paired-end Illumina 
sequencing. Sequencing and initial sequence quality curating was performed by the 
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Genome Institute of Singapore (Singapore, Singapore). Illumina reads were compiled 
and contigs were assembled as de Bruign graphs using the SOAPdenovo software 
package (220). 2.5 million paired-end 75bp Illumina reads were assembled with a 
fixed kmer value of 31. Auto and user defined coverage cutoff values (34, 30, 20 and 
5) were used to generate different assemblies. A minimum scaffold length of 1000 bp 
was used in final assembly analysis. No additional curating was conducted to detect 
and eliminate chimeras generated during scaffold assembly. ORFs within the 
assemblies were predicted using the GLIMMER ORF finder (221). The BLASTx 
suite from NCBI was used to annotate CDS predicted by GLIMMER (222). rRNA 
sequences for phylogenetic analysis were identified using the RNAmmer 1.2 server 
database (223). 
DGGE 
PCR-denaturing gradient gel electrophoresis (DGGE) analyses to verify culture purity 
were carried out using universal bacterial 16S rRNA gene primers (primer pair 341F-
GC and 518R, (Table 6)) and genomic DNA as the template, prepared as described. 
PCR was performed with a touch-down thermal program as previously described 
(Duhamel et al., 2004). PCR-amplified fragments were electrophoresed on an 8% 
polyacrylamide gel with a 30-60% urea-formamide gradient for 16 h at 120 V and 
60ºC. PCR products were subsequently visualized on a Molecular Imager Gel Doc 
XR System (Bio-Rad, CA, U.S.A.) 
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Table 6 Primers utilized for PCR, qPCR and DNA sequencing in this study. 
 
Forward Primer Reverse Primer 






16S rRNA, Bacterial (224) 




GEO12-1F TCAACCCAGGGCTCAAATG GEO12-1R CCGATAAGCTGATAACCCAAAT GEO12 rdhA-1, qPCR this study 
GEO12-2F GCTGTGAGCAGGTGGGTATCT GEO12-2R AATTTGCATGTCCGGTGGTA GEO12 rdhA-2, qPCR this study 
GEO12-3F TGCTTCGCTTGTTCGTTCTG GEO12-3R CCCCATTTCGGACACCCTA GEO12 rdhA-3, qPCR this study 
GEO12-4F GTTTCCCACCGCATACAGG GEO12-4R TTGGAGAAAGAGGCAAGTCAGT GEO12 rdhA-4, qPCR this study 
GEO12-5F GTTCGCACCCTCTTTTACAATG GEO12-5R ATGGAAGTGGTTGAAACGGTAG GEO12 rdhA-5, qPCR this study 
tceA_1270F ATCCAGATTATGACCCTGGTGAA tceA_1336R GCGGCATATATTAGGGCATCTT tceA, qPCR (152) 
vcrA11F GTATGGTCCGCCACATGATTC vcrA11R TCTTCTGGAGTACCCTCCCATTT vcrA, qPCR (99) 
GEO12-rpoBF CATTTATCACCAGCGGTACG GEO12-rpoBR GCCGGGTCATCTGAAATAGT GEO12 rpoB, qPCR this study 
luc-F TACAACACCCCAACATCTTCGA luc-R GGAAGTTCACCGGCGTCAT luciferase, qPCR (152) 
GEO-vcrA F AGCATAGTTAGTCCAACTGCTAA  GEO-vcrA R TGGCTCTAGGGAAAGACCTAA   full length vcrA this study 








4 Characterization of a Novel Dehalococcoides mccartyi isolate, 
GEO12, with a Natural Resistance to Chloroform Inhibition of 
Organohalide Respiration 
This chapter describes the cultivation and metabolic and genomic characterization of 
a novel Dehalococcoides mccartyi strain GEO12. Susceptibility of dechlorination in 
strain GEO12 and other Dehalococcoides strains to inhibition by CF is described. 
Directed evolution of Dehalococcoides mccartyi strain GEO12 to enhance resistance 
to CF is discussed. Transcriptional analysis of functional genes in the original GEO12 
isolate and the CF adapted population provides insight into the mechanism by which 
CF inhibits Dehalococcoides cell growth.  
 
4.1 Introduction 
The introduction of xenobiotic pollutants poses a significant threat not only to 
terrestrial, aquatic and marine ecosystems, but also to the health and safety of drinking 
water, arable land and air quality. Although cleanup of contaminated surface systems can 
be both costly and time consuming, effective physical and biological remediation 
strategies have been in development and regular use since the late 1970’s (40, 59, 60). 
However, the ex-situ approaches typically employed in surface environments are, for 
various reasons, often impractical for long-term remediation of anoxic subsurface 
systems (48, 59). Scientific and technological advances in detoxification of pollutants by 
naturally occurring bacteria have provided an array of microbiological tools that can be 
used in such cases for in-situ bioremediation of pollutants. 
As a result of a long history of overuse and improper environmental disposal, the 
chemically stable solvents PCE and TCE are widespread subsurface contaminants, and 
tens of thousands of polluted sites exist worldwide (29, 30, 225). PCE and TCE are both 
suspected carcinogens that, due to low water solubility and hydrophobicity, tend to 
accumulate as DNAPLs in subsurface environments. Further, less chlorinated derivatives 
of these compounds, DCEs and VC, are known carcinogens that are recalcitrant to 
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remediation efforts (34, 36, 98).  
Microbiological approaches to bioremediation involve less intrusion to the 
environment and tend to be less expensive than physical or chemical methods (18). Since 
their initial discovery and characterization (43), members of the genus Dehalococcoides 
have been extensively investigated and employed in remediation strategies at PCE and 
TCE contaminated sites. Though it has been well established in laboratory settings that 
isolated members of the Dehalococcoides genus can transform PCE, TCE, DCEs and VC 
to ethene (43, 95, 108, 110, 115, 116) (97, 99, 118), in-situ remediation is typically 
performed with commercially available, undefined mixed cultures or bacterial consortia 
(13, 14, 144, 149), (66). Despite successful field trials and implementation of 
bioremediation efforts involving Dehalococcoides (21, 27, 226), obstacles to widespread 
adoption of remediation strategies making extensive use of these OHRB remain, such as 
the need for extensive site characterization, the potential for generation and accumulation 
of toxic intermediates and the difficulty of establishing and maintain necessary biological 
populations at contaminated sites (227-229). A major barrier to establishment of OHRB 
populations is the presence of multiple types of halogenated compounds at a site (229). In 
particular, the metabolism of Dehalococcoides is known to be incredibly sensitive to the 
presence of CF. It has been reported that a CF concentration as low as 8.3µM has 
significant inhibitory effects on PCE and TCE dechlorination in environmental anaerobic 
systems (230, 231). Though the exact cause of this inhibition remains unknown, studies 
of dechlorination by Dehalococcoides in laboratory settings have demonstrated 
significant reduction in TCE dechlorination activity in the presence of CF as low as 
2.5µM (10, 232, 233). 
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Halomethanes, particularly CF, have anthropogenic and natural sources and are 
among the most widespread halogenated pollutants in the environment (234). CF is a 
slightly soluble, volatile compound that is produced on a large scale for a variety of 
commercial, industrial and private uses (173, 235) and is also created incidentally as a 
byproduct of disinfection in treated water systems (236) or as a byproduct of biological 
(237) or geochemical (238) processes. The low tendency of CF to sorb to soils and 
tissues, CF has a comparatively low KOC between 1.44 and 2.79 (239), results in high 
mobility in aquifers and other water systems. CF can be aerobically (240, 241) and 
anaerobically (174) transformed to less halogenated DCM and MCM by microbes. CF 
has been the focus of bioremediation efforts due to its environmental stability and 
potential for harm to endogenous biota (235). 
The US EPA compiles and tracks remediation efforts at the most serious hazardous 
waste sites in the United States on the NPL. There are currently 1739 sites targeted for 
long-term federal cleanup listed on the NPL, of which 428 note CF as a major 
contaminant (225). However, it is difficult to know exactly how many NPL sites have 
been evaluated for CF, and it is likely that the true number of CF contaminated sites is 
much higher (26). Further, 225 NPL sites note PCE or TCE as a major contaminant 
(225), of which 102 also list CF as a major contaminant. It seems likely that 
contaminated sites not listed on the NPL, such as the ~6000 Substance Priority List (SPL) 
sites amassed by ATDSR, contain a similar incidence of co-contamination, presenting a 
major hurdle to bioremediation by anaerobic dehalogenation. 
This study reports the isolation and characterization of Dehalococcoides mccartyi 
strain GEO12. This strain was isolated from a TCE and 1,1,1-TCA dehalogenating 
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anaerobic microcosm. Sequencing of the complete genome of strain GEO12 revealed a 
comparatively small genome containing the least number of rdh genes to be reported in a 
Dehalococcoides genome. Both tceA and vcrA homologues are present in the genome of 
strain GEO12, making it only the second known isolate to harbor both of these rdh genes. 
Additionally, both genes were found to be expressed during dechlorination, the first 
example of parallel transcription of both genes within a single population. Strain GEO12 
also exhibits a seemingly unique phenotype within the Dehalococcoides genus, resistance 
to inhibition of TCE dehalogenation by CF. 
4.2 Results 
4.2.1 Isolation of Strain GEO12 
An anaerobic mixed microbial culture (designated culture GEO) was previously 
enriched from an undefined, commercially available, dechlorinating consortium utilized 
for detoxification of CEs and CAs. Culture GEO was enriched via 30 successive transfers 
over a period of 1 year in defined mineral salts medium amended with acetate (5mM) and 
either TCE or 1,2-DCA (~1.5mM). The enriched culture GEO was capable of 
dechlorinating 1,1,1-TCA or TCE, but not concurrently, within 30 days. Serial dilution-
to-extinction of the enriched culture GEO yielded two distinct dechlorinating 
populations: GEO11, capable of dechlorinating 1,1,1-TCA to 1,1-DCA and MCA, and 
GEO12, capable of dechlorinating 1,2-DCA and TCE to ethene (personal communication 
– Dr. Ding Chang, NUS).  
Individual colonies of enrichment culture GEO12 were picked from solid medium 
inoculated from corresponding dilutions and subjected to subsequent serial dilution-to-





strategies were employed to confirm the purity of the resulting culture. Epifluorescent 
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microscopy showed cells of a single, uniform coccoid morphology, suggesting the purity 
of the culture. DGGE of 16S rRNA genes amplified using universal bacterial 16S rRNA 
primers showed a single band (Figure 27, lane GEO12). Sequencing of the single band 
excised from the DGGE was consistent with 16S rRNA sequences from 
Dehalococcoides. Genome sequencing further confirmed the purity of the culture, and the 
sequence of the full-length16S rRNA gene present in the genome agreed (data not 
shown) with the sequence of the fragment excised from the DGGE. This new strain was 
designated as Dehalococcoides mccartyi strain GEO12.  
4.2.2 Genomic Characterization of Strain GEO12 
Genomic sequencing of strain GEO12 was performed by paired-end Illumina 
sequencing and reads were assembled using SOAPdenovo. Illumina sequencing yielded 
1.76 × 107 75bp paired-end reads, 2.50 × 106 of which were selected randomly for 
genome assembly. The SOAPdenovo package auto-cutoff selection of 34 yielded a final 
assembly of 11 scaffolds greater than 1000bp in length, all of which had coverage of 
greater than 70 for reads mapped back to scaffolds. Assemblies with user defined 
coverage cutoff values of 30, 20 and 5 yielded assemblies with 15, 24 and 59 scaffolds 
greater than 1000bp in length, respectively. Interestingly, the assemblies created from 
lower coverage cutoffs revealed scaffolds within each assembly with significantly lower 
coverage (10-30) than the majority of the scaffolds in the rest of assembly (>70).  
Notably, in the assembly created with the coverage cutoff set at 5, 17 of 59 
scaffolds greater than 1000bp in length had coverage between 10 and 20, representing 
almost 100kb of the total assembly. Interestingly, this lower coverage region of the 
assembly contains the majority of the rdhA orthologues (4 of 7) identified within the 
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genome. The total length of scaffolds greater than 1000bp in the auto and 5 coverage 
cutoff assemblies was 1.34 Mbp and 1.44 Mbp, respectively. This represents a 
comparatively small genome among the Dehalococcoides genomes thus far described. 
The final assembled genome has a GC content of 49%, consistent with other 
Dehalococcoides (Figure 16).  
A total of 1431potential CDS were predicted in the various assemblies by 
GLIMMER. A translational alignment database query, BLASTx, of the 1431 CDS 
revealed 1409 valid coding regions, containing a single rpoB and 7 full-length putative 
rdhA orthologues. A single 16S rRNA sequence was identified in the assemblies, 
consistent with other Dehalococcoides strains. Full-length 16S rRNA phylogenetic 





Figure 16 Maximum Likelihood phylogenetic analysis of 16S rRNA nucleotide 
sequences of Dehalococcoides mccartyi strains and genome statistics of available 
Dehalococcoides genomes. 16S rRNA gene sequences were mined from different sources 
(a. genome statistics mined from IMG-M and NCBI GenBank databases. b. Wang 2014. 
c. personal communication – draft genomic data only d. this study) and aligned and 
curated using the ClustalW alignment algorithm (122). Maximum likelihood evolutionary 
history is based on the Kimura 2-parameter model (242).The tree with the highest log 
likelihood is shown. Initial tree(s) for the heuristic search were obtained using the 
Neighbor-Joining method and a matrix of pairwise distances estimated using Maximum 
Composite Likelihood. A discrete Gamma distribution was used to model evolutionary 
rate differences among sites (5 categories (+G, parameter = 0.1000)). A total of 1322 




Dehalococcoides are frequently found to harbor numerous, mostly uncharacterized, 
rdhA-like genetic regions. Although several known Dehalococcoides strains contain more 
than 30 non-identical rdhA homologues, strain GEO12 was found to contain only 7 
(Figure 16).  
Of the 7 rdhA in the genome of strain GEO12, one, designated vcrA for this study, shares 
98% identity over 519 amino acids to VcrA in other Dehalococcoides ( 
 
Figure 17-A). Another, designated tceA for this study, shares 98% identity over 560 
amino acids to TceA in other Dehalococcoides ( 
 
Figure 17-B). 
1 of the 7 rdhA identified (GEO-rdh3) is orthologous to a 1,2-dichloropropane 
reductive dehalogenase found in Dehalococcoides and in Dehalogenimonas. GEO-rdh3 is 
located on a low coverage scaffold in the genome assembly, and shares only 51% identity 
over 415 amino acids with its nearest orthologues (Table 7).  
4 of the 7 rdhA in the GEO12 genome are orthologous to uncharacterized rdhA 
from known (GEO-rdh1 and GEO-rdh4) and unknown (GEO-rdh2, GEO-rdh5) 
Dehalococcoides. 2 of these 4 rdhA are located on high coverage scaffolds from the 
genome assembly (GEO-rdh 1 and GEO-rdh2) and share a high degree of identity (99% 
over 500 and 455 amino acids, respectively) to identified orthologues. The others (GEO-
rdh4 rdh5) are found on low coverage scaffolds and share minimal identity with 
orthologues (38% identity over 465 amino acids and 50% identity over 493 amino acids, 





D. mccartyi strain GEO12              MSKFHSMVSR RDFMKGLGMA GAGIGAVAAS APVFHDIDEF VSSEANSTKD QPWYVKHREH FDPTITVDWD IFDRYDGYQH  
D. mccartyi strain VS (8658217)       .....KTI.. ........L. .......... .........L .......... .......... .......... ..........  
D. mccartyi strain ANAS2 (374713104)  .....KTI.. ........L. .G....AV.A M.....L... .......... .......... .......... .....N....  
D. mccartyi strain BTF08 (btf_1407)   .....KTI.. ........L. .G....AV.T M.....L... .......... .......... .......... ..........  
  
D. mccartyi strain GEO12              KGVYEGPPDA PFTSWGNRLQ TRMSDEEQKK RILAAKKERF PGWDGGLHGR GDQRADALFY AVTQPFPGSG EEGHGLFQPY  
D. mccartyi strain VS (8658217)       .......... .......... V...G..... .......... .......... .......... .......... ..........  
D. mccartyi strain ANAS2 (374713104)  .......... .......... .......... .......... .......... .......... .......... ..........  
D. mccartyi strain BTF08 (btf_1407)   .......... .......... M......... .......... .......... .......... .......... ..........  
  
D. mccartyi strain GEO12              PDQPGKFYAR WGLYGPPHDS APPDGSVPKW EGTPEDNFLM LRAAAKYFGA GDVGALNLAD PKCKKLIYKK AQPMTLGKGT  
D. mccartyi strain VS (8658217)       .......... .......... .......... .......... .......... .G........ .......... ..........  
D. mccartyi strain ANAS2 (374713104)  .......... .......... .......... .......... .......... .G........ .......... ..........  
D. mccartyi strain BTF08 (btf_1407)   .......... .......... .......... .......... .......... .G........ .......... ..........  
  
D. mccartyi strain GEO12              YSEIGGPGMI DAKFYPKVPD HAVPINFKEA DYSYYNDAEW VIPTKCESIF TFTLPQPQEL NKRTGGIAGA GPYGVYKDFA  
D. mccartyi strain VS (8658217)       .......... ...I...... .......... .......... .......... .......... .......... .S.T......  
D. mccartyi strain ANAS2 (374713104)  .......... .......... .......... .......... .......... .......... .......... .S.T......  
D. mccartyi strain BTF08 (btf_1407)   .......... .......... .......... .......... .......... .......... .......... ...T......  
  
D. mccartyi strain GEO12              RVGTLVQMFI KYLGYHALYW PIGWGPGGCF TTFDGQGEQG RTGAAIHWKF GSSQRGSERV ITDLPIAPTP PIDAGMFEFC  
D. mccartyi strain VS (8658217)       .......... .......... .......... .......... .......... .......... .......... ..........  
D. mccartyi strain ANAS2 (374713104)  .......... .N........ .......... .......... .........L .......... V......... .......K..  
D. mccartyi strain BTF08 (btf_1407)   .......... .N........ .......... .......... .......... .......... V......... .....I....  
  
D. mccartyi strain GEO12              KTCHICRDVC VSGGVHQEDE PTWDSGNWWN VQGYLGYRTD WSGCHNQCGM CQSSCPFTYL GLENASLVHK IVKGVVANTT  
D. mccartyi strain VS (8658217)       ...Y...... .......... .......... .......... .......... .......... .......... ..........  
D. mccartyi strain ANAS2 (374713104)  ...Y...... .......... .......... .......... .......... .......... .......... ..........  
D. mccartyi strain BTF08 (btf_1407)   .......... .......... .......... .......... .......... .......... .......... ..........  
  
D. mccartyi strain GEO12              VFNSFFTNME KALGYGDLTM ENSNWWKEEG PIYGFDPGT  
D. mccartyi strain VS (8658217)       .......... .......... .......... .........  
D. mccartyi strain ANAS2 (374713104)  .......... .......... .......... .........  








D. mccartyi  195 (3229017)     ------MSEK YHSTVTRRDF MKRLGLAGAG AGALGAAVLA ENNLPHEFKD VDDLLSAGKA LEGDHANKVN NHPWWVTTRD  
D. mccartyi  GEO12             MRYFKS.... .......... .......... .......... .......... .......... .......... .E........  
D. mccartyi  11a5 (422710012)  ------.... .......... .......... .......... .......... .......... .......... .E........  
D. mccartyi  AD14* (545274868) ---------- --........ .......... .......... .......... .......... .......... ..........  
  
D. mccartyi 195 (3229017)      HEDPTCNIDW SLIKRYSGWN NQGAYFLPED YLSPTYTGRR HTIVDSKLEI ELQGKKYRDS AFIKSGIDWM KENIDPDYDP  
D. mccartyi GEO12         .......... .......... .. ........ .......... .......... .......... .......... ..........  
D. mccartyi 11a5 (422710012)   .......... .......... .......... .......... .....AFR.. K......... .W........ ..........  
D. mccartyi AD14* (545274868)  .......... .......... .......... ....... ... ......S..V K......... .......... ..........  
  
D. mccartyi 195 (3229017)      GELGYGDRRE DALIYAATNG SHNCWENPLY GRYEGSRPYL SMRTMNGING LHEFGHADIK TTNYPKWEGT PEENLLIMRT  
D. mccartyi GEO12              .......... .......... .......... .........R ..........  .......... .......... ..........  
D. mccartyi 11a5 (422710012)   .......... .......... .......... ...K...... .......... .......... .......... ..........  
D. mccartyi AD14* (545274868)  .......... .......... .......... .......... .......... .......... .......... ..........  
       
D. mccartyi 195 (3229017)      AARYFGASSV GAIKITDNVK KIFYAKVQPF CLGPWYTITN MAEYIEYPVP VDNYAIPIVF EDIPADQGHY SYKRFGGDDK  
D. mccartyi GEO12              .......... .......... ....T.A... I......... I......... I......... ..V....... ..........  
D. mccartyi 11a5 (422710012)   .......... .......... ....T.A... S......... F......... .......... ..V....... ..........  
D. mccartyi AD14* (545274868)  ...... .... .......... ......A... .......... .......... .......... ......E... ..........  
  
D. mccartyi 195 (3229017)      IAVPNALDNI FTYTIMLPEK RFKYAHSIPM DPCSCIAYPL FTEVEARIQQ FIAGLGYNSM GGGVEAWGPG SAFGNLSGLG  
D. mccartyi GEO12              .V.....E.. .......... .......... ....S..... .........H .......... .......... G.........  
D. mccartyi 11a5 (422710012)   .V.....E.. ........Q. .......V.. .......... .S........ .......... .......... ..........  
D. mccartyi AD14* (545274868)  .......... ..... ..... .......... .......... .......... .......... .......... ..........  
  
D. mccartyi 195 (3229017)      EQSRVSSIIE PRYGSNTKGS LRMLTDLPLA PTKPIDAGIR EFCKTCGICA EHCPTQAISH EGPRYDSPHW DCVSGYEGWH  
D. mccartyi GEO12              .......... .......... .......... .......... .......... .......... ........Y. .N........  
D. mccartyi 11a5 (422710012)   .......... .......... .......... .......... .......... .......... ........Y. ..........  
D. mccartyi AD14* (545274868)  .......T.. ..... ..... .......... .......... .......... .......... .......... ..........  
  
D. mccartyi 195 (3229017)      LDYHKCINCT ICEAVCPFFT MSNNSWVHNL VKSTVATTPV FNGFFKNMEG AFGYGPRYSP SRDEWWASEN PIRGASVDIF  
D. mccartyi GEO12              ..H....... N...F..... .......... .......... .......... .......... .K........ ..........  
D. mccartyi 11a5 (422710012)   .......... .......... .......... .......... .........E .......... .......... ..........  




Figure 17 VcrA and TceA from representative Dehalococcoides. A Sequence alignment of VcrA in Dehalococcoides mccartyi strain GEO12 
and representative strains from Cornell (ANAS2), Pinellas (BTF08) and Victioria (VS) Dehalococcoides subgroups. B Sequence alignment of 
TceA in Dehalococcoides mccartyi strain GEO12 and representative strains from Cornell (195), Pinellas (11a5) and Victioria (AD14) 
Dehalococcoides subgroups.  Amino acid sequences mined from NCBI GenBank database. *partial CDS
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1 of the 7 rdh present in the genome of strain GEO12 (GEO-rdh4) shares no 
significant homology with any other rdh in available Dehalococcoides genomes. This 
gene, located on a low coverage scaffold in the GEO12 genome assembly, shares poor 
identity (38% over 465 amino acids) with an uncharacterized rdh in Dehalogenimonas 
lykanthroporepellans (Table 7). 
Table 7 Reductive dehalogenase homologous genes identified in GEO12 genome. 
Identity based on BLASTx sequence alignments. Designations are preliminary based 
upon draft genome of GEO12. 
Highest homology (BLASTx) Identity 
Size  
(amino acids) 






VcrA in Dehalococcoides mccartyi 98% 519 22.9 VcrA 
TceA in Dehalococcoides mccartyi 98% 560 71.8 TceA 
dehalogenase in Dehalococcoides 
mccartyi CG4 
99% 
500 76.3 GEO-rdh1 
dehalogenase in unknown 
Dehalococcoides 
99% 




415 20.0 GEO-rdh3 
RDase in Dehalococcoides mccartyi 
CG1 
38% 
465 20.0 GEO-rdh4 
RDase in unknown Dehalococcoides 50% 493 20.0 GEO-rdh5 
 
4.2.3 Metabolic Dechlorination by strain GEO12 
Consistent with the presence of genes encoding vcrA and tceA in its genome, strain 
GEO12 exhibits rapid dechlorination of TCE, DCEs, VC as well as 1,2-DCA to ethene, 
coupling growth with dechlorination of these compounds. Similar to dechlorination 
patterns exhibited by Dehalococcoides mccartyi strains ANAS2 and 11a, strain GEO12 
dechlorinates TCE to ethene via cis-DCE and VC with only slight accumulation of VC 
and negligible accumulation of cis-DCE in the process. 
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Strain GEO12 completely dechlorinated ~0.6mM TCE, 1,1-DCE, cis-DCE, and 
trans-DCE and ~0.4mM 1,2-DCA within 15 days of 3% vol/vol inoculation. During 
dechlorination of TCE and all DCE isomers, VC reached a peak concentration of 
~0.4mM on day 7-8. VC concentration dropped rapidly to 0mM by day 12 of TCE 
dechlorination and day 15 of both 1,1-DCE and cis-DCE dechlorination; VC 
concentration decreased to 0.13mM by day 15 of trans-DCE dechlorination. There was 
no evidence of intermediate dechlorination products during dechlorination of 1,2-DCA 
(Figure 18). The maximum dechlorination rates (calculated as change in concentration) 
for TCE, 1,2-DCA, 1,1-DCE, cis-DCE, and trans-DCE were 0.15mM  day
-1
 (days 3-6) 
(Figure 18-A), 0.07mM day-1 (days 7-11) (Figure 18-B), 0.11mM day-1 (days 7-9) 
(Figure 18-C), 0.11mM day-1 (days 4-9) (Figure 18-D), and 0.06 mM day-1 (days 1-11) 
(Figure 18-E), respectively. It is notable that no DCE isomers appeared in measurable 
quantities during TCE dechlorination. This is most likely due to the fact that 
dechlorination of these intermediate products proceeds almost as rapidly as 
dechlorination of the parent compound. This is further corroborated by the higher cell-
specific dechlorination rates of 1,1- and cis-DCE compared to that of TCE. The 
maximum dechlorination rate for VC (calculated as change in concentration after peak 
VC concentration) across all experiments was 0.13mM day
-1
. 
Linear regression of cell growth and chlorine removal in strain GEO12 shows a 
positive correlation during dechlorination of TCE (0.971), 1,1-DCE (0.954), cis-DCE 
(0.970), trans-DCE (0.973) and 1,2-DCA (0.960 – during exponential growth), implying 
that all of these chlorinated compounds are growth-supporting electron acceptors in an 







) for TCE, 1,2-DCA, 1,1-DCE, cis-DCE, trans-DCE and VC were 1.10 ×
10−10, 1.04 × 10−9, 2.54 × 10−8, 7.28 × 10−9, 5.09 × 10−10, and 1.47 × 10−9, 





































































Figure 18 GEO12 dechlorination and cell growth kinetics. A,C,D,E – TCE, 1,1-DCE, trans-DCE, cis-DCE dechlorination to ethene 






























































































































































































































4.2.4 Inhibition of Dechlorination in Dehalococcoides by Chloroform 
Since strain GEO12 was originally isolated from a microcosm capable of 
dechlorinating both 1,1,1-TCA and TCE, it was thought that this new isolate may be less 
sensitive to inhibitory effects of chloroethanes and chloromethanes than other 
Dehalococcoides. Previous studies (9, 10) have described an inhibitory effect exerted by 
CF on TCE dechlorination in microbial consortia containing Dehalococcoides. However, 
no quantitative description of CF inhibition on pure cultures had been performed. In order 
to assess if strain GEO12 was less sensitive to CF inhibition, it was first necessary to 
characterize CF sensitivity of both GEO12 and other Dehalococcoides strains. 
Dehalococcoides mccartyi strains GEO12, ANAS2, 11a and BAV1 were selected 
for comparison of sensitivity to CF inhibition. Strains ANAS2 and 11a, from the Cornell 
and Pinellas subgroups, respectively, were selected for their metabolic similarity and 
phylogenetic relationship to strain GEO12 as well as for the functional rdh gene present 
(vcrA in strain ANAS2 and tceA in strain 11a); these attributes allowed for the most 
meaningful comparison with strain GEO12. Strain BAV1 was selected because it has a 
completely different dechlorination profile than that of strain GEO12, dechlorinating only 
DCEs to ethene, and contains a unique functional rdh, bvcA. Therefore, strain BAV1 
serves as an instrument to determine if CF only acts as an inhibitor on TCE 




Figure 19 CF inhibition of dechlorination by Dehalococcoides. TCE provided as growth 
substrate for Dehalococcoides mccartyi strains ANAS2, 11a and GEO12. trans-DCE 
provided as growth substrate for strain BAV1.  
Actively dechlorinating cultures of strains ANAS2, 11a, GEO12 and BAV1 were 
inoculated (3% vol/vol inocula) into defined mineral salts media amended with ~1mM 
TCE (ANAS2, 11a and GEO12) or ~0.7mM trans-DCE (BAV1) and 0, 4.1, 8.2 or 
16.5µM CF. In the absence of CF, ANAS2, 11a and GEO12 dechlorinated the amended 
TCE within 16, 9, and 7 days, respectively, and BAV1 dechlorinated the amended trans-










































































































































DCE within 13 days (Figure 19-A). In the presence of 4.1µM CF, ANAS2, 11a and 
GEO12 dechlorinated the amended TCE within 19, 14 and 9 days, respectively and 
minimal dechlorination activity was observed in BAV1 after 42 days (Figure 19-B). In 
the presence of 8.2µM CF, 11a and GEO12 dechlorinated the amended TCE within 25 
and 14 days, respectively; minimal or no dechlorination activity was observed in ANAS2 
and BAV1 after 28 and 42 days, respectively (Figure 19-C). In the presence of 16.5µM 
CF, GEO12 dechlorinated the amended TCE within 28 days; minimal or no 
dechlorination activity was observed in strains ANAS2, 11a and BAV1 after 28, 28 and 
42 days, respectively (Figure 19-D). 
Neither dechlorination products that can be associated with CF dechlorination nor 
loss of CF greater than the fraction lost in abiotic controls was observed (data not shown). 
The apparent change in TCE concentration in cultures of strains ANAS2 and BAV1 in 
the presence of 8.2µM CF and strains ANAS2, BAV1 and 11a in the presence of 16.5µM 
CF was likely due to loss of TCE through the septum of the serum bottle and during 
sampling as no dechlorination products (e.g. VC or ethene) were observed and abiotic 
controls showed a similar loss of approximately 20% of TCE over prolonged incubation 
(data not shown). These results confirm previous reports that even very low 
concentrations of CF can inhibit dechlorination by Dehalococcoides and suggest that 
strain GEO12 is less sensitive to CF inhibition than similar Dehalococcoides strains. 
4.2.5 Development of a Highly CF Resistant Subpopulation of Strain GEO12  
Based on the above-described data, an attempt to increase the ability of strain 
GEO12 to continue complete detoxification of TCE in the presence of CF was 
undertaken. Directed laboratory evolution of strain GEO12 was performed by inoculating 
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successive transfers of strain GEO12 in minimal salts media amended with ~1mM TCE 
and increasing concentrations of CF. After 32 such transfers and 8 increases in CF 
concentration, a population capable of maintaining complete dechlorination of TCE in 
less than 10 days in the presence of 100µM CF, dubbed GEO12CF, was established 
(Figure 20). 
During directed evolution, cultures required an average of 12.1 days to completely 
transform all TCE (~1mM) amended to the media into ethene. This is comparable to the 
number of days that the original GEO12 isolate requires to transform a similar amount of 
TCE to ethene in the absence of the CF (9-11 days, data not shown). Transfers made from 
both active and senescent cultures of the adapted population exhibit a consistent 
dechlorination phenotype in the presence of CF, suggesting that the phenotype is stable in 
the adapted population. Generally, the amount of time for complete dechlorination of 
chlorinated compounds decreased when cultures were transferred into the same 
concentration of CF (Figure 20). However slight increases in either lag phase duration or 
the apparent time required time for complete dechlorination exist due to variations in the 
time between headspace analysis of cultures (in some cases, headspace sampling may 
have only been possible every third or fourth day, resulting in an apparent increase in 
total time as chlorinated substrate was depleted at an indeterminate point during the 
sampling interval), unavoidable inconsistencies in the amount of TCE added to cultures 
(TCE amendment ranges from 0.7 to 1.1mM) and disparities in the senescence of cultures 





Figure 20 Development of CF adapted population, GEO12CF, by directed evolution of 
strain GEO12. Stepwise increase in CF addition approximately every third transfer was 
applied as a selective pressure for evolution of continued TCE dechlorination in the 
presence of successively higher concentrations of CF. 
Evaluation of growth and dechlorination kinetics of the CF adapted population was 
performed at an intermediate stage development, 50µM CF (transfer 22). The maximum 
dechlorination rate of TCE in transfer 22 in the presence of 50µM CF (calculated as 
change in concentration) was 0.09mM day
-1
 (days 4–8) ( 
Figure 21). Although this maximum value is slightly less than the maximum value 
of TCE dechlorination of the original parent strain, the average values are comparable. 
The cell-specific dechlorination rate for TCE was 6.54 × 10−10 mM cell-1 day-1, only 
slightly less than that of the original parent strain grown in the absence of CF. The 
dechlorination rate and cell-specific dechlorination rate for VC could not be determined, 
as cultures accumulated too little VC to allow for meaningful calculation. However, this 
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was observed in any cultures and no transformation of TCE or CF was observed in 
abiotic controls (data not shown). 
The remarkable increase in CF tolerance in strain GEO12 during directed evolution 
raised questions about the nature of CF inhibition in this strain. To investigate if CF acts 
a transcriptional inhibitor in Dehalococcoides mccartyi strain GEO12, first a 
transcriptional analysis of the rdh identified in the genome was performed. 
 
Figure 21 CF adapted GEO12 TCE growth kinetics. Kinetics assay performed using GEO12CF 
transfer #22 amended with TCE and 50µM CF.
4.2.6 rdhA Transcription in Strain GEO12 During Dechlorination 
To determine which rdhA genes in the GEO12 genome were functionally active 
and could be implicated in dechlorination activity, total RNA was extracted from 
triplicate parallel cultures that had been spiked with TCE, 1,2-DCA or trans-DCE after a 
starvation phase of 120 hours. RNA was extracted from cultures at defined intervals until 
complete removal of chlorinated compounds, as determined by GC-FID, and subjected to 
RT and subsequent qPCR using primers targeting each of the 7 rdhA, 16S rRNA and 
rpoB (Table 6); 16S rRNA and rpoB cDNA from RT was quantified as an added internal 
standard for RNA extraction efficiency. DNA was extracted from cultures at specific 
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quantify cells in each culture. Primer specificity was confirmed by PCR and gel 
electrophoresis and by melt curve analysis during qPCR (data not shown). 
In related literature, several standards have been used to describe normalization of 
the transcription levels of rdh in dehalogenating populations. Most frequently used are 
normalization by number of transcripts per cell (as determined by genomic copies of 16S 
rRNA present) (96, 109, 174) or normalization by number of target gene transcripts per 
number of quantifiable housekeeping gene transcripts (e.g. 16S rRNA and rpoB) (180, 
198, 207), hence these methods were utilized in this study. 
During dechlorination of all investigated halogenated compounds, no significant 
transcription of GEO-rdh1, GEO-rdh2, GEO-rdh3, GEO-rdh4 or GEO-rdh5 was 
observed. In the presence of TCE, 1,2-DCA, and trans-DCA, GEO-rdh1, GEO-rdh2, 
GEO-rdh3, GEO-rdh4 and GEO-rdh5 showed a maximum number of 2.71 ×
10−1 transcripts per cell (Figure 22). Additionally, none of these genes exhibited any 
significant increase in relative transcription under any of the conditions tested (data not 
shown). 
The tceA and vcrA genes were both transcribed at significant levels throughout 
dechlorination of all chlorinated compounds, showing an increase of at least a single 
order of magnitude in the number of transcripts per cell within 24 hours of substrate 
addition – except in the case of vcrA in the 1,2-DCA amended cultures. tceA and vcrA 
showed a maximum number of transcripts per cell of 12.62 and 6.55, 26.89 and 4.52; 
26.86 and 1.64, 1.40 and 0.80; 244.50 and 43.69, and 746.66 and 356.95 (maximum and 
average for tceA, and maximum and average for vcrA) in the presence of TCE, 1,2-DCA 
and trans-DCE, respectively (Figure 22). Notably, both tceA and vcrA remained at least 
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one order of magnitude more abundant than the other rdh - even after prolonged 
starvation. This result accords with other descriptions of the longevity and potential low-
level constitutive transcription of functional rdh mRNA in Dehalococcoides (243, 244). 
 
Figure 22 GEO12 rdh transcription in presence of different chlorinated compounds. 
Maximum number of rdh transcripts in GEO12 grown with TCE, 1,2-DCA and trans-
DCE. Relative fold increase is not shown for rdh1-5 as all values were less than 1. 
 
Interestingly, throughout dechlorination of TCE and trans-DCE the number of vcrA 
transcripts is higher than that of tceA, but the relative change in the number of vcrA 
transcripts is significantly lower than that of tceA (Figure 22). During TCE and trans-















































increase in transcripts per cell, respectively (Figure 22). Contrarily, a much lower 
increase of vcrA transcripts, 21-fold, was detected throughout 1,2-DCA dechlorination, 
while the increase of tceA transcripts, 859-fold, is comparable to the tceA increase during 
TCE dechlorination. 
 
Figure 23 Transcriptional profiles of housekeeping genes, rpoB and 16S rRNA, in 
GEO12 cultures during TCE dechlorination. Results do not differ significantly from 
GEO12 cultures amended with 1,2-DCA or trans-DCE, which, for clarity, are not shown. 
The 16S rRNA gene showed an initial number of transcripts per cell several orders 
of magnitude higher than both tceA and vcrA, but the rpoB gene showed an initial number 
of transcripts per cell approximately equal to tceA and vcrA. The relatively stable number 
of the 16S rRNA and rpoB transcripts during dechlorination suggests that the observed 
relative changes in the number of tceA and vcrA transcripts are due to specific changes in 
transcription rate, rather than to changes in cell number or global transcription rates. 
Consistent with results reported by Rahm et al., (245) relative transcription of rpoB 
decreased significantly after depletion of chlorinated substrate in the media (Figure 23). 
Implication of both vcrA and tceA as potentially responsible for dechlorination 


























one or both of these genes may be responsible for the CF resistant phenotype exhibited 
by both the laboratory-evolved CF resistant population and the original strain GEO12.  
4.2.7 Transcription of rdhA in the Presence and Absence of CF 
Sequence comparison of the vcrA and tceA genes from the original strain GEO12 
isolate and the CF adapted population revealed 100% identity over the entire length of 
each gene (data not shown). This suggests that if a structural change is responsible for the 
observed lack of sensitivity to CF inhibition, then that change must be contained within 
the tertiary structure of the Rdh or in quaternary structure of the RDase holoenzyme.  
Although no studies have yet investigated the mechanism of CF inhibition in 
Dehalococcoides, Futagami et al. described significant inhibition of the cprA reductive 
dehalogenase in Desulfitobacterium hafniense DCB-2 by CF (89). RT-qPCR was used to 
investigate variations in transcription of functional rdh in strain GEO12 during 
dechlorination of TCE in the presence and absence of CF, as well as during TCE 
dechlorination in the presence of CF in the CF adapted population. 
During TCE dechlorination in the presence of 50µM CF tceA and vcrA genes in the 
original GEO12 isolate showed a less pronounced biphasic variation in transcript number 
(Figure 24-B) than when grown in the absence of CF (Figure 24-A). In the absence of 
CF, tceA and vcrA transcripts reached maximum levels (12.62 and 26.89 transcripts per 
cell) within 33 and 105 hours of introduction of TCE, respectively.  
In the presence of CF, both tceA and vcrA showed lower maximum transcription 
levels than during dechlorination in the absence of CF, 8.31 and 17.14 transcripts per cell, 
respectively. Despite a rapid initial change in tceA copy number after TCE addition in the 
presence of CF, both genes displayed a delayed relative increase in transcript number, 
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with both reaching maximum values within 150 hours after introduction of TCE. Further, 
tceA experienced a relative increase of roughly half, 513-fold, of the relative increase 
shown during growth in the absence of CF (Figure 24-A,B). Contrarily, vcrA showed a 
greater maximum relative increase in transcript number, 90-fold, than it showed during 
growth in the absence of CF; notably, this value is still significantly lower than the 
relative change in tceA transcript number. In the presence of CF, both tceA and vcrA also 
displayed a monophasic expression pattern that does not correlate with dechlorination 
activity (Figure 24-B inset), unlike the highly correlated expression pattern in the 
absence of CF. 
Transcriptional analysis of the tceA and vcrA genes in the laboratory evolved 
population revealed several interesting results that may provide clues into the mechanism 
of CF inhibition of dechlorination in other Dehalococcoides. During TCE dechlorination, 
the tceA and vcrA genes in the CF adapted population displayed an expression pattern 
similar to that of the original parent strain in the absence of CF. For tceA, a biphasic 
pattern of increase and decrease was observed (Figure 24-C, and Figure 23-C inset); an 
initial maximum number of transcripts per cell of 24.1 was reached within 24 hours, 
followed by several days of decrease before a second maximum of 31.6 transcripts per 
cell was reached within 191 hours (Figure 24-C). 
The time lag in the appearance of the second maxima is likely due to cell growth 
during this experiment. The vcrA gene, however, did not exhibit the same biphasic 
pattern in the CF adapted strain as in the parent strain. Rather, transcript number 
increased rapidly within 24 hours, after which it remained relatively constant for 
approximately 48 hours before increasing dramatically to a maximum of 84.4 transcripts 
94
  
per cell within 191 hours. Both genes showed a rapid decline in transcripts number upon 
depletion of all chlorinated compounds, ultimately reaching levels that are comparable to 
the tceA and vcrA measured after starvation in the original parent culture after starvation 
(9.28 × 10−3 and 4.74 × 10−2, 2.48 × 10−1 and 5.21 × 10−1, in the GEO12 and CF 
adapted cultures, respectively). Conspicuously, in the CF adapted population both the 
tceA and vcrA genes reached maximum transcripts per cell 2.5 and 3.1 times greater than 
in the original parent strain, respectively. Correcting for initial transcript number, this 
corresponds to a maximum relative increase in tceA and vcrA of 731- and 157-fold, 
respectively (Figure 24-A,C).  
Due to removal of ~30% of culture volume in the course of these experiments, 
there is significant loss of chlorinated compounds apparent in GC-FID data (Figure 24-
insets). Neither dechlorination products that can be associated with CF dechlorination nor 





















































































































































Figure 24 Transcriptional profile of tceA and vcrA in strain GEO12 and the CF adapted 
population, GEO12CF. GEO12 cultures amended with TCE as the terminal electron 
acceptor in (A) absence of CF, (B) 50µM CF and GEO12CF cultures amended with TCE 
and 50µM CF (C). Figure insets detail dechlorination at corresponding time points. Fold 
increase is calculated using 16S rRNA transcript number as a normalization factor for 






⁄    where 
𝑟𝑑ℎ𝐴𝑡𝑖𝑚𝑒 𝑛 = number of rdh transcripts at time n 
16𝑆 𝑟𝑅𝑁𝐴𝑡𝑖𝑚𝑒 𝑛 = number of 16S rRNA transcripts at time n and 𝑟𝑑ℎ𝐴𝑡𝑖𝑚𝑒 𝑖 = number 
of transcripts after 5 days of culture starvation 




















































































Notably, the experimental procedure for assessing transcription in the CF adapted 
population had to be modified due to repeated failure of cultures to dechlorinate TCE 
after starvation and subsequent amendment with TCE. The cause of this lack of 
dechlorination remains unknown, as cultures inoculated from the starved cultures proved 
to be viable, and, as previously noted, senescent cultures of the CF adapted population 
exhibited no loss of phenotype in subsequent transfer. In order to make transcription 
results from cultures undergoing normal cell growth comparable with results from other 
experiments, which have values normalized to transcript number after 5 days of culture 
starvation, cultures in this assay were starved for 5 days after complete transformation of 
all chlorinated compounds and then sampled for DNA and RNA extraction (Figure 24–C 
inset, final time point). Transcript numbers from this final time point, representing a 120-
hour starved culture, were used for fold-increase normalization in this assay. 
The relative increase in transcription of the tceA gene in the CF adapted population 
is comparable to the relative increase in the original strain GEO12 in the absence of CF 
and greater than that of the original strain in the presence of CF. Interestingly, the relative 
increase of vcrA is greater in the presence of CF than in the original strain for both 
original strain and the CF adapted strain. Additionally, the relative increase of vcrA 
transcripts in the CF adapted population in the presence of CF is nearly 4 times greater 
than the relative change in the original GEO12 in the absence of chloroform. This seems 
to suggest that the regulatory mechanism governing both genes is somehow impaired in 
the CF adapted strain.  
4.3 Discussion 
This study reports isolation of a unique Dehalococcoides mccartyi strain, GEO12, 
capable of complete reductive dechlorination of TCE, all DCE isomers, VC and 1,2-DCA 
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to ethene. 16S rRNA phylogenetic analysis places this strain within the Cornell subgroup, 
making it the seventh member of this group. The draft genome of this isolate is among 
the smallest of known Dehalococcoides genomes, which have a median size of 1.407 
Mbp, and contains the fewest putative rdh of any known Dehalococcoides genome 
(Figure 16). Previously, Dehalococcoides mccartyi strain 11a (99), which is 
metabolically similar to strain GEO12, was found to contain only 9 non-identical rdhA 
genes and has a total genome size (1.325 Mbp) that is similar to that of strain GEO12 
(personal communication – Dr. Adrian Low). Interestingly, strain GEO12 harbors full-
length homologues of both tceA and vcrA, making it only the second Dehalococcoides 
isolate, the other being strain BTF08, found to possess the genes for both of these RDases 
(100). The TceA and VcrA in strain GEO12 are highly similar to orthologous proteins in 
other Dehalococcoides (Figure 17), sharing over 98% identity with canonic TceA and 
VcrA sequences. A subset of scaffolds within some of the assemblies of the draft genome 
exhibited reduced coverage as compared to the rest of the assemblies. Interestingly, the 
vcrA gene in strain GEO12 is located on one of the assembly scaffolds with low coverage 
(22.9) and is not present in the assemblies generated with coverage cutoffs set higher than 
10. Contrarily, the tceA gene is located on an assembly scaffold with high coverage 
(71.8) (Table 7) and is present in all assemblies. Until the draft genome of strain GEO12 
has been closed and fully annotated, it is difficult to draw conclusions from this 
discrepancy in coverage.  
The dechlorination profile of strain GEO12 is most similar to that of strains VS 
(190) and 11a (99), and is significantly different than that of its nearest phylogenetic 
neighbor, strain MB (95). This is unsurprising, as there is a well-established 
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incongruence between dechlorination capability and core genome phylogeny in 
Dehalococcoides (161).  
Strain GEO12 was found to metabolize TCE with an average rate slightly higher 
than that of most other TCE dechlorinating Dehalococcoides (115, 116, 156), comparable 
to that of strain 11a (99), but less than that of strain ANAS1 (95). The average 
dechlorination rate of VC by strain GEO12 is comparable to that of strain GT (116), is 
slightly less than that of strain 11a (99) and is up to an order of magnitude greater than 
that of strain VS (97), which likely accounts for the rapid degradation of accumulated VC 
during dechlorination (Figure 18).  
Transcriptional analysis of the rdh genes identified in the genome of strain GEO12 
by RT-qPCR demonstrated that only the vcrA and tceA genes were transcribed during 
transformation of chlorinated compounds. Both genes were transcribed during 
dechlorination of all substrates, but in varying levels. To our knowledge, strain GEO12 
represents the first example of an isolated Dehalococcoides strain producing mRNA for 
both vcrA and tceA simultaneously, although concurrent induction of both genes in mixed 
(244) and enriched (100) cultures has been described. Generally, the vcrA gene exhibited 
a higher number of transcripts per cell than the tceA gene in the presence of compounds 
containing a carbon-carbon double bond. The high copy number of both vcrA and tceA 
mRNA during dechlorination make it difficult to conclude whether one gene product is 
primarily responsible for catalysis of dechlorination or both gene products are 
functioning in tandem. However, in the presence 1,2-DCA only low numbers vcrA 
transcripts were present in each cell (Figure 22), suggesting both that the tceA gene 
product is responsible for 1,2-DCA dechlorination and that the vcrA gene is not induced 
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by 1,2-DCA. Interestingly, the relative increase of vcrA mRNA in all experiments was 
significantly less than that of tceA mRNA, up to an order of magnitude difference in the 
case of TCE dechlorination (Figure 22,Figure 24) despite the much higher total number 
of vcrA transcripts. This seems to suggest either a low-level constitutive expression of 
vcrA in strain GEO12 or a curious longevity of vcrA mRNA. This latter hypothesis has 
been previously proposed to explain the sustained presence of vcrA transcripts in 
undefined bacterial consortia containing Dehalococcoides after depletion of chlorinated 
compounds in the growth media (243, 244). Our results seem to suggest the former, 
rather than the latter explanation of vcrA mRNA, as vcrA transcript number returned to 
approximately initial levels after depletion of chlorinated compounds. This result, 
coupled with the observation of comparatively low relative increase in vcrA transcript 
number would suggest that this gene is under less restrictive transcriptional control than 
the tceA gene in strain GEO12. Leaky negative regulation of the vcrA operon would 
explain both the less pronounced response to the presence of substrate (or other, 
unknown, inducer) as well as the apparent low-level constitutive expression. Lack of the 
vcrA transcript in the 1,2-DCA fed culture is likely due to the inability of this compound 
to induce the regulatory system governing vcrA transcription; the presence of higher than 
background vcrA transcripts in this case further corroborates the conjecture of low-level 
constitutive expression. 
Although the common contaminant CF is a known inhibitor of dehalogenation by 
diverse OHRB (9, 10, 89, 230, 232, 234, 246), no description of metabolic inhibition of 
isolated Dehalococcoides strains had been reported. Chloroform is nearly ubiquitous in 
the environment at background levels of less than 1 ppb, but it can be present at heavily 
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contaminated industrial sites in concentrations as high as 21,800 ppb (235). In this study 
we have expanded on previous descriptions of CF inhibition in dechlorinating enrichment 
cultures containing Dehalococcoides (10) by quantitatively assessing the effects of 
varying concentrations of CF on the growth of representative Dehalococcoides isolates. 
Our results confirm that strains of the genus Dehalococcoides are extremely sensitive to 
the presence of CF, with dechlorination in strain BAV1 completely arrested by 4.1µM 
(~500 ppb) CF and dechlorination in all previously described strains tested completely 
arrested by 16.5µM (~2,000 ppb) CF. Likely due to its origin in a bioreactor maintained 
to remove chlorinated ethenes and ethanes from wastewater, strain GEO12 exhibited a 
lower sensitivity to inhibition by CF, maintaining dechlorination activity in the presence 
of 16.5µM CF (Figure 19); however, growth of strain GEO12 in this concentration of CF 
was hindered. Since there are currently no viable techniques for performing forward 
genetics in Dehalococcoides, the CF resistant dechlorination phenotype was explored via 
laboratory-directed evolution. This approach involved constant application of CF as a 
selective pressure during growth of successive transfers of strain GEO12. By slowly 
increasing the concentration of CF in the growth media, a sub-population of strain 
GEO12 capable of maintaining dechlorination activity and cell growth in the presence of 
increasingly higher concentrations of CF was developed (Figure 20). Ultimately, this 
highly CF-tolerant subpopulation was demonstrated to transform TCE completely to 
ethene with no accumulation of intermediate products in the presence of 100µM (~12,000 
ppb) CF. Although the average daily TCE dechlorination rate in the CF adapted 
population grown in the presence of 50µM CF was slightly less than that of the original 
parent strain GEO12, dechlorination of TCE in the CF adapted population was 
102
  
considerably more linear than in the original parent strain. This linearity is apparent in the 
smaller difference between the average and maximum daily dechlorination rates, which 
may indicate enzyme saturation in cells.  
Extensive characterization of the inhibitory effects of substrates as well as 
intermediate and end products on dechlorination by Dehalococcoides (Figure 13) has 
been performed, but far less is known about the effects of non-substrate chlorinated 
aliphatics on dechlorination. Studies in mixed cultures containing Dehalococcoides have 
effectively used competitive enzyme inhibition models to describe decreased 
dechlorination rates in the presence of chlorinated ethanes (9) and specific transcriptional 
inhibition of the cprTKZEBACD operon in Desulfitobacterium hafniense DCB-2 (204). 
CF stress has also been shown to result in rearrangement and excision of mobile genetic 
elements in Desulfitobacterium hafniense Y51 (246). Additionally, CF is known to be a 
general metabolic depressant, affecting the function of a variety of monooxidases in 
aerobic and anaerobic bacteria (173), and can even exert cytotoxicity by disrupting 
bacterial plasma membranes (234). 
Due to its enhanced resistance to growth inhibition by CF, the adapted population 
of strain GEO12 provides a unique tool for investigating the mechanism of CF inhibition 
in Dehalococcoides. As different Dehalococcoides strains had been found to be 
differently sensitive to CF inhibition, it seemed reasonable to assume that the mechanism 
of inhibition was specific rather than general. Sequencing revealed that the tceA and vcrA 
genes in the original strain GEO12 and the CF adapted population were both identical, 
suggesting that competitive or non-competitive inhibition of catalysis was not responsible 
for observed phenotypic differences. Transcriptional analysis of the vcrA and tceA genes 
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in the original parent strain and in the CF adapted population during TCE dechlorination 
in the presence of 50µM CF revealed that CF is likely acting as a moderate transcriptional 
inhibitor in strain GEO12.  
During dechlorination of TCE by the parent GEO12 strain in the absence CF, tceA 
and vcrA showed a biphasic pattern of transcription that corresponded with TCE and VC 
dechlorination. Interestingly, tceA displayed a much greater change in relative transcript 
number during dechlorination than did vcrA. vcrA transcripts exhibited maximum 40-fold 
increase throughout dechlorination of both TCE and VC, with a slightly higher relative 
increase during VC dechlorination. tceA, on the other hand, showed a maximum 829-fold 
increase during TCE dechlorination and a slightly lower maximum 528-fold increase 
during VC dechlorination (Figure 24-A).  
In the presence of 50µM CF, tceA and vcrA genes in the original parent strain 
GEO12 strain showed both a significantly reduced relative increase of tceA and vcrA 
during dechlorination and a much less pronounced correlation between gene expression 
and dechlorination. Additionally, the rate of TCE dechlorination in this growth condition 
was decreased (Figure 24-B). In this growth condition, tceA and vcrA transcripts per cell 
reached maxima of 8.31 and 17.14, respectively. 
In the CF adapted population, transcription of both tceA and vcrA in the presence of 
50µM CF was remarkably similar to transcription in the original parent strain in the 
absence of CF. tceA and vcrA transcription followed a biphasic patter that corresponds 
with dechlorination of TCE and VC, reaching maximum numbers of transcripts per cell 
of 31.57 and 84.37 for tceA and vcrA, respectively. This represents a relative increase of 
731- and 157-fold for tceA and vcrA mRNA, respectively. Notably, the number of 
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transcripts per cell of both genes in the CF adapted population is approximately 4 times 
that of the original parent strain in the same growth conditions.  
Taken together, these results seem to suggest a similar regulatory mechanism 
governing both vcrA and tceA genes in strain GEO12. Expression of both genes is 
induced by chlorinated ethenes, an induction that is repressed in the presence of CF in the 
cellular environment. Interestingly, the relative change of total transcript number per cell 
of vcrA and tceA differs by nearly an order of magnitude, which would imply that each 
gene responds differently to the transcriptional regulator. Further, the response of both of 
genes to metabolite presence in the CF adapted population of strain GEO12 is similar to 
the response elicited in the original parent strain, but the overall production of mRNA 
from these genes is greater in the adapted population.  
The mechanism of regulation of rdh in Dehalococcoides remains unknown. 
However, the presence of MarR-like regulatory sequences adjacent to a large percentage 
of rdh in Dehalococcoides has led to speculation that this type of regulatory framework, 
in which RD expression is up-regulated when the substrate becomes available, is 
responsible (147, 208, 247). Bælum et al have proposed a model, fit to experimental 
growth transcriptional data obtained from a microcosm containing Dehalococcoides 
species (208), for vcrA regulation based on a modified StyS/StyR two-component system 
(Figure 14). In this model a constitutively expressed sensor protein binds substrate when 
substrate becomes available within the cell. This sensor-substrate complex interacts with 
a constitutively expressed repressor protein, causing the repressor to cease negative 
regulation of the vcrA gene.  
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If we take Bælum’s model to be true and assume that it can be extended to tceA 
regulation as well as vcrA regulation, it appears that in strain GEO12 the repression of the 
promoter region of vcrA is slightly leaky. In the presence of CF it would seem that either 
the ability of the sensor to bind substrate or the ability of the sensor-substrate complex to 
bind the repressor is affected. This model seems to adequately describe our results, as it 
can also explain the different sensitivity of Dehalococcoides strains to CF in terms of 
efficacy of the repressor protein and CF affinity in the sensor protein. Further, a slight 
change in CF affinity in the either of these effector complexes would explain the apparent 
up-regulation of the tceA and vcrA genes in the CF adapted population. 
In conclusion, this study reports the isolation, genome sequencing and metabolic 
characterization of a novel Dehalococcoides mccartyi isolate, GEO12. Strain GEO12 is 
notable in that it was found to harbor reductive dehalogenase genes homologous to both 
tceA and vcrA. Transcriptional analysis demonstrated that both of these genes are highly 
expressed during metabolic conversion of a wide range of chlorinated aliphatic 
compounds. During investigation of the effects of CF on this and other Dehalococcoides 
isolates, it was discovered that this strain exhibits a unique phenotypic resistance to 
inhibition of dechlorination by CF. Through directed laboratory evolution, a highly 
resistant subpopulation of strain GEO12 was developed and subsequently used to 
investigate the mechanism of CF inhibition in the original strain. Integrating results from 
this transcriptional analysis with the most current conceptual models of rdh regulation in 
Dehalococcoides suggests that CF functions as a transcriptional repressor and that strain 
GEO12 is less susceptible to this repression.  
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Future studies will focus on closing and annotating the extant draft genome of 
strain GEO12 in order to facilitate evaluation of the regulatory system of tceA and vcrA 
as well as to investigate the cause of the coverage differential in different regions of the 
draft genome sequence. Additionally, future investigations of the catalytic activity of 
VcrA and TceA in both the original strain GEO12 and the CF adapted population, 
GEO12CF, will provide insight into the role that substrate binding affinity plays in the 
decreased dechlorination rate in the presence of CF. Finally, utilizing proteomics tools 
and potential differences in binding efficiencies of the sensor and/or repressor proteins in 
the regulatory mechanisms of vcrA and tceA between the original strain GEO12 and the 
CF adapted population may help us to better understand the regulation of reductive 




5 Syntrophic Relationships of Hydrogenotrophic Dehalococcoides 
This chapter describes an investigation into previous reports of a novel 
Dehalococcoides strain capable of utilizing bromophenols as metabolic electron 
acceptors that may syntrophically oxidize acetate to generate hydrogen under 
hydrogen limiting conditions. 
 
5.1 Introduction 
5.1.1 Syntrophy in Anaerobic Dehalogenating Communities 
Fastidious anaerobic organisms in nature are often symbiotically dependent upon 
diverse bacterial communities. Reports suggest that non-OHRB provide crucial energy 
sources and growth factors that enable metabolic dehalogenation by OHRB to proceed in 
natural environments (134, 151, 248). The critical importance of growth factors that 
syntrophic community members provide each other contributes to the difficulty of 
isolating metabolically viable populations from such communities.  
One well established example of a rigidly mutualistic interaction that hampered 
isolation efforts is the syntrophic oxidation of acetate coupled to hydrogenotrophic 
methanogenesis that is a part of many methanogenic processes (e.g. methane-producing 
bioreactors, wastewater treatment plants, etc.) In these types of communities, distinct 
bacterial populations catalyze energetically unfavorable chemical transformations, i.e. 
acetate oxidation and hydrogenotrophic methanogenesis (249). By consuming the 
hydrogen generated during the oxidation of acetate by the acetotroph, the methanogenic 




Table 8 Syntrophic acetate oxidation and hydrogenotrophic methanogenesis. Asterisk 
indicates fate of methyl carbon from acetate. 
















In this type of syntrophic relationship, the hydrogenotrophic methanogen keeps the 
hydrogen partial pressure at a low level to ensure that methanogenic fermentation 
remains thermodynamically favorable (250).  
The mutualistic dependence between microbial community members can be so 
essential that neither partner can survive without the other, yet together the two carry out 
metabolic activity that neither could accomplish axenically. Hence, the disruption of 
microbial consortia by means of common isolation techniques creates difficulties when 
attempting to isolate a single member of a syntrophic partnership (249). 
The majority of syntrophic hydrogenogenic and hydrogenotrophic relationships 
currently characterized involve methanogens as the hydrogen scavenging partner of an 
acetate oxidizing bacteria. However, since obligate OHRB, such as Dehalococcoides and 
Dehalobacter, are also hydrogenotrophic, it seems likely that a similar syntrophism may 
exist as a part of in-situ dehalogenation. Indeed, He at al. demonstrated that organohalide 
respiration at a contaminated site could be maintained by interspecies acetate transfer 
between homoacetogens and acetotrophic OHRB, strongly indicating the presence of 
some acetate oxidizing process within the endogenous microbial community (87). 
Evidence of several types of syntrophy wherein non-OHRB and OHRB establish tight 
syntrophic mutualism have also been described. Examples of such syntrophy include 
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interspecies transfer of carbon and electron sources and halogenated intermediates (134) 
as well as of growth factors (251) among OHRB and non-OHRB(Figure 25). These 
findings further suggest the potential role for syntrophic acetate oxidation coupled with 
dehalogenation by Dehalococcoides. 
 
Figure 25 Characterized syntrophic interactions between non-dehalogenating and 
dehalogenating populations. A PCE dechlorination by TCE1 (134).  B 3-chlorobenzoate 
dechlorination by Desulfonomile tiedjeii (93). 
Hydrogenotrophic microbes, such as sulfate reducing bacteria and methanogens, 
often compete directly with OHRB in anaerobic environments containing halogenated 
organic pollutants where hydrogen is the main source of electrons. Though they tend to 
grow more slowly than other anaerobic microbes, OHRB generally have a higher affinity 
for hydrogen than other hydrogenotrophs (86), allowing for effective competition by 
OHRB in these environments. It seems plausible, therefore that a niche for the formation 
of syntrophic relationships with acetate oxidizing bacteria in hydrogen poor environments 
exists due to their high affinity for hydrogen. OHRB may even be a preferred symbiont in 
such environments, as they are more effective at scavenging hydrogen than potential 






























5.1.2 Syntrophic Hydrogenogenesis by an Uncharacterized D. mccartyi Isolate 
Dehalococcoides mccartyi strain IS was isolated from an enrichment culture 
obtained from an e-waste recycling site contaminated with PBDEs. This strain was 
reported to metabolically dehalogenate brominated aryl and chlorinated alkyl compounds 
(PBDEs to lesser brominated BDEs, TBP to MBP and TCE to trans- and cis-DCE) and to 
co-metabolically dehalogenate PBDEs (175). Cultivation was initially performed with 
lactate as carbon source, an octa-BDE mixture dissolved in TCE as electron acceptor, and 
excess hydrogen as electron donor. Serial dilution-to-extinction in defined salts media 
containing acetate/hydrogen and TCE yielded a highly enriched dehalogenating culture 
containing 3 dominant populations (Dehalococcoides, Acetobacterium, and 
Desulfovibrio). 
This enriched consortium was observed to dehalogenate PBDEs and TCE when 
hydrogen was omitted from the media. Attempts to isolate the acetate oxidizing bacteria 
from this enrichment resulted only in a highly enriched culture containing a majority 
population of Acetobacterium and a minority population of Desulfovibrio (252).  
Isolation of the dehalogenating population from the enriched dehalogenating 
culture was performed by serial dilution-to-extinction in defined salts media containing 
acetate, hydrogen and PBDEs/TCE. T-RFLP, DGGE and 16S rRNA gene clone library 
sequencing were utilized to verify the purity of the resultant Dehalococcoides isolate, 
which was dubbed IS (252). Dehalococcoides mccartyi strain IS is a member of the 
Cornell subgroup of Dehalococcoides and has a similar TCE dechlorination profile to 
that of strain MB; strain IS metabolically transforms TCE to trans- and cis-DCE in a 
characteristic ratio of ~2.5:1 (252), lower than the 7:1 ratio of strain MB (95).  
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The novelty of the apparent hydrogen producing syntrophy between D. mccartyi 
strain IS and the Acetobacterium/Desulfovibrio enrichment culture led to further 
investigation of this phenomenon by monitoring the cell growth of the different 
populations under varying physiological conditions.  
 
Figure 26 Cell quantification of Dehalococcoides mccartyi strains grown in co-culture 
without hydrogen amendment. Image taken from (252). 
It was reported that under hydrogen limiting conditions, IS cell numbers remained 
unchanged when grown axenically, but increased ~20 fold when grown in co-culture with 
either the mixed Acetobacterium/Desulfovibrio culture or Dehalococcoides mccartyi 
strain ANAS2 (Figure 26). Further, when D. mccartyi strain ANAS2 was grown in co-
culture with the Acetobacterium/Desulfovibrio, no growth was observed. These results 
seem to indicate that strain IS was responsible for syntrophic acetate oxidation and is 
involved in interspecies transfer of hydrogen (252).  
While intriguing, the results reported regarding syntrophy in strain IS were never 
repeated and raised several important questions. For example, only one isolated 
syntrophic partner (D. mccartyi strain ANAS2) was utilized to establish that strain IS is 
capable of producing and transferring hydrogen, while the results suggest that any 
hydrogenotroph should be capable of filling the role. Additionally, there are no other 
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reports of a hydrogenotrophic Dehalococcoides isolate capable of hydrogenogenesis. 
Further, a comprehensive investigation of carbon catabolism did not indicate any active 
pathway for oxidative hydrogenogenesis in D. mccartyi strain 195, another member of 
the Cornell subgroup of Dehalococcoides (148). It stands to reason that if D. mccartyi 
strain IS can generate hydrogen from acetate oxidation, then, as an efficient hydrogen 
scavenger itself, it should be able to grow axenically in acetate amended media without 
hydrogen supplementation. Finally, the cell growth, hydrogen production and TCE 
transformation reported are minimal and are all at or near the detection limits of the 
methods utilized for assessment in the original report (252).  
Confirmation of these previously reported results and a better characterization of 
the metabolic pathway D. mccartyi strain IS makes use of to generate hydrogen would 
provide an incredibly valuable tool in the optimization of existing bioremediation 
approaches employing Dehalococcoides. 
5.2 Results 
5.2.1 Reviving Dehalococcoides mccartyi Strain IS 
Initial characterization of strain IS was done in 2011 and existing cultures were 
senescent. To revive Dehalococcoides mccartyi strain IS to active growth, cells were 
transferred as 10% vol/vol inocula from 34 different senescent cultures into defined salts 
media amended with acetate, TCE and hydrogen. 5 of the 34 transferred cultures 
exhibited dechlorination activity within one month and were subsequently transferred 3 
times to identical medium at 5% vol/vol to verify dechlorination activity. One of the five 
active cultures was selected for serial dilution-to-extinction for analysis of culture purity. 
Dilution-to-extinction was carried out in defined salts media amended with 0.2 mg/mL 
ampicillin to inhibit growth of contaminating microorganisms in addition to acetate, TCE 
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and hydrogen. Dechlorination activity was observed after 1 month in dilutions 1 × 10−1 
to 1 × 10−7, but not in 1 × 10−8, consistent with typical dilution-to-extinction results. A 
5% vol/vol inoculum was taken from the lowest dilution showing dechlorination activity 
and transferred 5 times in defined salts media amended with acetate TCE and hydrogen. 
Genomic DNA was harvested from the final transfer for 16S rRNA DGGE analysis 
(Figure 27). DGGE of this culture confirmed a single population.  
 
Figure 27 16S rRNA DGGE of strains used in this study. DGGE of amplification 
products obtained using degenerate bacterial 16S rRNA primers (341FGC/518R) in a 
nested temperature gradient PCR cycle. DGGE gradient is 60/30. Bands appear uneven 
due to slight variations in gel component mixing during pouring.  
5.2.2 Syntrophic Dehalococcoides Growth in the Absence of Hydrogen 
According to previously reported results, strain IS, when grown in co-culture with 
D. mccartyi strain ANAS2 in the absence of hydrogen, should initiate an unknown 
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(presumably acetate oxidizing) catabolic pathway producing hydrogen for both its own 
metabolic transformation of TCE and for the metabolic transformation of TCE by its 
syntrophic partner (e.g. strain ANAS2). It was suggested that strain IS would only be 
capable of hydrogen production in the presence of an efficient hydrogenotrophic 
hydrogen scavenging partner. Presumably, the production of hydrogen by strain IS is 
only energetically favorable under syntrophic conditions that result in a multi-step inter-
population reaction cascade that is slightly exergonic.  
Unfortunately, neither the original microcosm from which strain IS nor the 
enrichment culture containing the mixed Acetobacterium/Desulfovibrio community was 
available for this study. However, D. mccartyi strain ANAS2, used in the initial 
description of syntrophy, and D. mccartyi strain MB, a strain that has a TCE 
dechlorination profile similar to that of strain IS, were available for establishing a 
hydrogenogenic syntrophy with strain IS.  
To assess the ability of strain IS to act as the hydrogen producing partner in such a 
relationship, axenic and mixed cultures were inoculated from actively dechlorinating 
cultures of D. mccartyi strains IS, MB and ANAS2 in defined salts media amended with 
acetate and TCE. Positive controls for axenic growth were established by amending 
growth medium with excess hydrogen and negative controls were established by omitting 
hydrogen from growth medium. Syntrophic cultures were established by inoculating 
equal volumes (5%) of each strain as indicated in Figure 28 into DCB-1 media amended 
with acetate and TCE with hydrogen omitted. Dechlorination of TCE, a proxy for culture 




Axenically grown positive controls of D. mccartyi strains ANAS2, MB and IS 
completely dechlorinated TCE to characteristic end products within 2 weeks of 
inoculation. Strain ANAS2 was inoculated with 32.6µmol TCE and produced 18.1µmol 
ethene. Strain MB was inoculated with 30.4µmol TCE and produced 13.8 and 3.4 µmol 
trans- and cis-DCE, respectively. Strain IS was inoculated with 27.9µmol TCE and 
produced 10.8µmol and 4.2µmol trans- and cis-DCE, respectively (Figure 29). No 
dechlorination activity was observed in axenic cultures inoculated without hydrogen 
amendment to the medium. Disparity between the mass of TCE added and end products 
exists due to initial GC-FID measurement being conducted prior to establishment of TCE 
equilibrium between NAPL, liquid and gas phases within the serum bottle; measurement 
was made prior to equilibrium in order to eliminate the possibility of DCEs, VC and 
ethene in the time zero data set. Data presented are mean values for duplicate or triplicate 





Figure 28 Diagram of syntrophic growth experimental setup. Cultures inoculated with 
(+) or without (-) hydrogen and with cells of Dehalococcoides mccartyi strains IS, MB 
and/or ANAS2 as indicated. 
 
 
Figure 29 Amount of chlorinated compound present in cultures after >130 days of 
incubation. A Cultures amended with hydrogen B Cultures with no hydrogen amendment 
C Co-cultures with no hydrogen amendment. Values are mean of triplicate (C) or 
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Co-cultures established with strains IS and ANAS2, IS and MB, and MB and 
ANAS2 were inoculated with 36.1, 30.1 and 30.2µmol TCE, respectively. After more 
than 130 days of incubation, no dechlorination of TCE had occurred. The amount of TCE 
in the IS/ANAS2, IS/MB and MB/ANAS2 cultures after this incubation period was 14.3, 
17.5, and 16.8µmol, respectively (Figure 29). Disparity between the initial mass of TCE 
added and the mass measured after approximately 6 months of incubation can be 
attributed both to initial GC-FID measurement being conducted prior to establishment of 
TCE equilibrium between NAPL, liquid and gas phases within the serum bottle as well as 
loss of volatile compounds from the butyl septum in serum bottles after prolonged 
incubation. Measured TCE amounts in co-cultures are comparable to TCE measured in 
abiotic controls (12.5µmol) after a similar initial inoculation of TCE (24.4µmol) and an 
identical incubation period (data not shown).  
As previous results had indicated that Dehalococcoides mccartyi strain IS should be 
hydrogenogenic when grown syntrophically, hydrogen production in cultures not 
amended with hydrogen was assessed by TCD. No hydrogen was detected in any culture 
after more than 130 days of incubation (data not shown). The detection limit of the TCD 
utilized for hydrogen detection is 8ppm, which is below the reported ½ velocity constant 
of hydrogen for Dehalococcoides growth in the presence of adequate appropriate 
chlorinated organic compounds of 17ppm (1). However, some reports indicate a much 
lower ½ velocity constant for hydrogen in Dehalococcoides of 0.73ppm (153). As such, it 
is possible that dechlorination and cell growth could occur at hydrogen levels far below 
the detection threshold of the TCD utilized in this assay. However, lack of dechlorination 
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activity coupled with lack of hydrogen production provides reliable evidence that no 
growth occurred in the co-cultures established in this experiment.  
To confirm that the absence of dechlorination activity in axenic and co-inoculated 
cultures can be attributed to the lack of hydrogen amendment, one replicate from each 
culture was spiked with hydrogen to a partial pressure of 0.2 BAR. These hydrogen 
spiked cultures and the non-spiked replicates were incubated for an additional 30 days. 
No dechlorination activity was observed in hydrogen free replicates. All hydrogen spiked 
cultures, except for strain MB, exhibited characteristic dechlorination activity after 30 
days of incubation (Figure 30).  
 
 
Figure 30 Verification of axenic and co-culture viability. Amount of chlorinated 
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Hydrogen spiked co-cultures showed a dechlorination profile consistent with 
complete dechlorination by at least one of the strains present in the co-culture (e.g. 
cultures containing strain ANAS2 produced only ethene as an end product, culture 
containing strains IS and MB produced trans- and cis-DCE in a ratio of ~2.5). Strain MB 
grown axenically did not exhibit dechlorination activity after being spiked with hydrogen, 
indicating that the senescent cells could not be revived after such a prolonged incubation 
without electron donors for metabolic activity available in the media. It is likely that the 
cells from strain MB in the IS/MB co-culture were also not revived, which accounts for 
the trans- to cis-DCE ratio of end products being consistent with the ratio characteristic 
of TCE dechlorination by strain IS alone (Figure 30). 
5.3 Discussion 
Syntrophic interactions in anaerobic bacterial communities are a common 
phenomenon that often create the potential for thermodynamically unfavorable chemical 
processes to proceed. Elucidation of specific syntrophic interactions in the organohalide 
respiring Desulfovibrio and Desulfomonile indicate that this unique metabolic activity can 
form an integral part of anaerobic syntrophy in complex OHRB communities. 
Organohalide respiring Dehalococcoides, which are able to consume H2 at a extremely 
low levels, less than 0.73ppm, (1, 153) and have been shown to be involved in 
interspecies transfer of metabolites and other growth factors (87, 156), are certainly a part 
of syntrophic interactions in-situ, and are likely able to outcompete other anaerobes in 
hydrogen limiting environments.  
Previous findings indicated that a newly isolated Dehalococcoides strain was able 
to support both its own growth and growth of a hydrogenotrophic partner under hydrogen 
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limiting conditions. It was presumed that hydrogenogenis in this partnership was carried 
out by oxidation of acetate by D. mccartyi strain IS, a previously unidentified metabolic 
activity in this genus. 
However, this previous data could not be reproduced in these experiments. After 
reviving and re-isolating strain IS and inoculating axenic and mixed cultures containing 
strain IS and previously characterized pure Dehalococcoides strains, neither cell growth 
(data not shown), dechlorination activity (Figure 29) nor hydrogen production was 
observed in any cultures not amended with hydrogen as an electron donor. Axenic 
cultures of strain IS and ANAS2 and all mixed cultures initially inoculated with hydrogen 
amended media exhibited normal dechlorination activity (Figure 29). Purity of cultures 
used in these experiments was confirmed by DGGE (Figure 27) in order to eliminate the 
possibility of an unknown contaminating microbe producing hydrogen in one or more of 
the mixed culture experiments. Viabilty of the initial inocula was established by 
supplementing growth media of cultures which had not demonstrated growth after a 
prolonged period with hydrogen (Figure 9). The fact that these cultures almost 
immediately showed normal dechlorination activity confirms that hydrogen was not 
available for metabolism prior to supplementation.  
Understanding how populations within microbial communities interact 
syntrophically to metabolize target contaminants is a fundamental part of predicting 
contaminant fate at sites undergoing bioremediation and optimizing engineered 
bioremediation strategies. As yet, the microbes that are involved in in-situ syntrophy with 
Dehalococcoides remain unknown and the mechanism of these interactions remains 
largely uncharacterized.  
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Unfortunately, this study was unable to replicate prior results that purported to 
identify one such syntrophic interaction. It seems most likely that cultures used in the 
initial characterizations were inadquately purified. The microcosm from which 
Dehalococcoides mccartyi strain IS was isolated was initially enriched as a mixed 
consortium containing three distinct populations. Subsequent isolation efforts were not 
able to purify each of the three populations, which casts doubt upon the purity of the 
Dehalococcoides strain that was purified. Even a very minor population of contaminating 
hydrogenogenic bacteria would have been adequate for the limited growth described 
(252). Additionally, the hydrogen and cell growth measured in that initial study was at or 
near the detection limit of the methods used for detection and the deviation within the 
data makes the results questionably significant. For these reasons, this experiment to 
repeat the results was undertaken, but was, ultimately, unsuccessful. However, the 
methods developed here have great potential for future application in the development 
and characterization of defined bacterial consortia that are capable of maintining 
metabolic dehalogenation in nutrient limiting conditions.  
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6 Conclusions and Recommendations 
 
6.1 Conclusions 
The work presented in this thesis was initiated by the prior isolation of two novel 
Dehalococcoides mccartyi strains in our lab. Due to the environmental conditions from 
which each strain was isolated, both were individually investigated for phenotypic 
idiosyncrasy. Strain GEO12, while metabolically and genomically similar to other known 
Dehalococcoides isolates, was found to exhibit a seemingly unique innate resistance to 
inhibition of TCE dechlorination by CF. Strain IS, which was previously reported to play 
the role of the hydrogenogenic partner in a syntrophic relationship with another 
Dehalococcoides strain was found to not be capable of hydrogenogenesis. The principle 
conclusions of this study are summarized hereafter. 
The isolation, genomic sequencing and metabolic characterization of a novel 
Dehalococcoides mccartyi isolate, GEO12 is described in detail. Strain GEO12 is notable 
in that it harbors rdh homologous to both the tceA and vcrA reductive dehalogenase genes 
found in other dehalogenating bacteria. Transcriptional analysis showed that both of these 
genes are highly expressed during metabolic conversion of a wide range of chlorinated 
aliphatic compounds. A method of directed laboratory evolution was developed and 
utilized to enhance the naturally occurring resistance of strain GEO12 to inhibition of 
metabolic dechlorination by CF. This strategy resulted in a highly resistant subpopulation 
of strain GEO12 that was used to investigate the mechanism of CF inhibition in the 
original strain. Assimilating results from this analysis with the most current conceptual 
models of rdh regulation in Dehalococcoides seems to suggest that CF functions as a 
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transcriptional repressor of function rdh and that strain GEO12 is less susceptible to this 
repression.  
Despite previous reports of acetotrophic hydrogenogenesis, establishment of 
syntrophic growth between strain IS and either strain MB or ANAS2 in the absence of 
amended hydrogen was ultimately unsuccessful. Although inability of a Dehalococcoides 
to produce hydrogen from carbon catabolism fits with other reports detailing fate of the 
atoms in acetate broken down by Dehalococcoides, the experimental methods developed 
in this study have potential for broader application in the development of defined 
bacterial consortia capable of carrying out dehalogenation activity in environments of 
limited nutrient availability. 
6.2 Recommendations 
The conclusions drawn from these studies open several avenues for continuing 
research. In particular, the methodologies developed during the investigation of 
syntrophy between strains IS, MB and ANAS2 are tools that can be used in the future 
development of defined mixed bacterial populations. By engineering defined bacterial 
consortia, it may be possible in the future to develop bioremediation technologies with 
well-defined growth requirements and parameters. This would represent a significant 
advantage over existing undefined consortia employed in bioremediation of chlorinated 
contaminants that require a broad spectrum of nutrient amendments in order to function 
effectively in-situ.  
Additionally, full annotation of the genome of strain GEO12 may facilitate 
evaluation of the regulatory system of tceA and vcrA in this, and presumably other, 
Dehalococcoides. A comparative analysis of the genome of the CF adapted population 
and the original strain GEO12 may provide insight into the regulatory mechanisms 
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governing the metabolic genes in Dehalococcoides. Additionally, the potential difference 
in catalytic activity of VcrA and TceA between the original strain GEO12 and the CF 
adapted population, GEO12CF, may help to provide insight into the role that substrate 
binding affinity plays in decreased dechlorination in the presence of CAs. Lastly, 
available genomic and proteomic tools may be employed to provide information relating 
to potential differences in binding efficiencies of the sensor and/or repressor proteins in 
the regulatory mechanisms of vcrA and tceA between the original strain GEO12 and the 
CF adapted population. The CF adapted population and the original GEO12 strain are a 
unique tool that may help us to better understand the regulation of reductive 
dehalogenase genes in Dehalococcoides. Such an understanding would be invaluable in 
both the implementation of bioremediation technologies at contaminated sites and in the 
development of organisms with bespoke metabolic capabilities for bioremediation. 
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